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Be it known that Thomas M> j eS sell, et al. 

have invented certain new and useful improvements in 

GENE ENCODING MNR2 AND USES THEREOF 



of which the following is a full, clear and exact description. 



GENE ENCODING MNR2 AND USES THEREOF 



5 This application claims priority of and is a continuation- 

i-n-part of _U.._S... _S.erial_No . _Q9/162_, __524 x _ f iled September 's , 

1998, the content of which is hereby incorporated by 
reference . 

10 The invention disclosed herein was made with support under 
National Institute of Health training grant No. 5T32GM07367, 
U.S. Department of Health and Human Services. Accordingly, 
the United States Government has certain rights in this 
invention. 
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P3 Throughout this application various publications are" 

m referred to within parenthesis. Full citations for these 

In publications may be found at the end of the specification 

rf immediately preceding the claims. The disclosures of these 

l" 20 publications, in their entireties, are hereby incorporated 

O by reference into this application in order to more fully 

describe the state of the art to which this invention 

pertains . 

25 Background of the Invention 

Sonic hedgehog signaling controls the differentiation of 
motor neurons in the ventral neural tube but the intervening 
steps are poorly understood. A differential screen of a 

30 cDNA library derived from a single Shh- induced motor neuron 
has identified a novel homeobox gene, MNR2, expressed by 
motor neuron progenitors and transiently by post -mitotic 
motor neurons. The ectopic expression of MNR2 in neural 
cells initiates a program of somatic motor neuron 

35 differentiation characterized by the expression .of 
homeodomain proteins, by neurotransmitter phenotype and by 
axonal trajectory. Our results suggest that the Shh- 
mediated induction of a single transcription factor, MNR2 , 
is sufficient to direct somatic motor neuron 



differentiation . 



The assembly of neural circuits in the vertebrate central 
.neryous. system JLCNS)___is initiated by the generation of 
distinct classes of neurons at characteristic positions. The 
specification of neuronal identity in the CMS appears to be 
controlled by inductive signals secreted by embryonic 
organizing centers (Lumsden and Krumlauf, 1996; Tanabe and 
Jessell, 1996). These signals appear ' to define neuronal 
fates by regulating the expression of cell - intrinsic 
determinants, many of which are transcription factors (Bang 
and Goulding, 19 96) . However, the pathways by which 
specific inductive signals determine the fate of individual 
neuronal "eel 1 — type s~ ~in" ^the~~CNS "Tre~podrIy ~def i~ned : ^As~ ~a 
consequence, it is unclear whether there are individual 
transcription factors assigned, in a dedicated manner, to 
the specification of particular neuronal subtypes or whether 
the parallel actions of several factors are required. 

Spinal motor neurons constitute one subclass of CNS neuron 
for which some early differentiation steps have been defined 
(Pfaff and Kintner, 1998) . The differentiation of motor 
neurons depends on spatial signals provided by Sonic 
Hedgehog (Shh) secreted from the notochord and floor plate 
(Marti et al . 1995; Roelink et al . , 1995; Tanabe et al . , 
1995; Chiang et al . 1996; Ericson et al . 1996). Shh acts 
initially to convert medial neural plate cells into a 
population of ventral progenitors (Ericson . et al . , 1996) and 
later directs the differentiation of ventral progenitors 
into motor neurons and interneurons at distinct 
concentration thresholds (Roelink et al . 1995; Ericson et 
al . , 19 97). The Shh- induced pathway of motor neuron 
differentiation appears, however, to operate within the 
context of an independent program of neurogenesis. Neural 
progenitors that have been exposed to Shh undergo two or 
more cell divisions before leaving the cell cycle and 
acquiring motor neuron properties (Ericson et al . , 1996). 
Over this period, ventral progenitors require continued Shh 
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signaling, achieving Shh- independence and committing to a 
motor neuron fate only late in their final division cycle 
(Ericson et al . , 1996). 

5 Cells in the ventral neural tube - respond " to" graded"" Shh 
signaling with the establishment of distinct ventral 
progenitor populations defined by the expression of the 
homeodomain proteins Pax6 and Nkx2.2 (Ericson et al . , 1997) . 
These two progenitor populations generate distinct classes 
10 of motor neurons. Pax6 + progenitors give rise to somatic 
motor neurons whereas Nkx2 . 2* progenitors generate visceral 
motor neurons (Ericson et al . 1997). As these two 
progenitor populations leave the cell cycle they express 

d"i~f ferent — homeodomain— proteins— that- -character ize„_dis tine t_ 

15 motor neuron subtypes (Tsuchida et al . , 1994; Varela- 
Echavarria et al., 1996; Ericson et al., 1997; Pattyn et al . 
1997) . The activity of Pax6 is necessary for the 

differentiation of somatic motor neurons within the 
hindbrain (Ericson et al . , 1997; Osumi et al. , 1997) but it 

2 0 appears that its function is indirect, being required to 

repress the expression of Nkx2.2 (Ericson et al . , 1997). 

The dispensibility of Pax6 for somatic motor neuron 
generation implies the existence of additional genes that 
25 determine somatic motor neuron identity. Moreover, the late 
commitment of progenitors to a somatic motor neuron fate 
suggests that the onset of expression of such genes occurs 
only during the final division cycle of motor neuron 
progenitors.. To identify such determinants a screen for 

3 0 genes expressed by somatic motor neuron progenitors was 

performed and described, here is the characterization of a 
novel homeobox gene, MNR2 . 

MNR2 is expressed selectively by Pax6* motor neuron 
35 progenitors and persists transiently in post -mitotic somatic 
motor neurons. The ectopic expression of MNR2 in vivo is 
sufficient to activate a program of somatic motor neuron 
differentiation characterized by the expression of several 



homeodomain proteins and Choline Acetyl transferase (ChAT) , 
by the autoactivation of MNR2 and by the extension of axons 
into . ventral roots. This program of motor neuron 

differentiation is accompanied by the repression of spinal 

inter-neuron fates Thus , the Shh- triggered differentiation 

of ventral progenitor cells into somatic motor neurons may 
be directed by the expression of a single homeodomain 
protein, MNR2 . 

Introduction 

The ability of neurons to form selective neuronal circuits 
is a function of the molecular properties that they acquire 
at early stages of their differentiation. The molecular 
features that distinguish individual classes of neurons 
appear to control the pattern of axonal projections, the 
formation of target connections and the expression of 
specific chemical transmitters. The emergence of a coherent 
neuronal phenotype is a protracted process and is thought to 
involve progressive restrictions in the developmental 
potential of both neural progenitor cells and post -mitotic 
neurons (Cepko 1999; Edlund and Jessell, 1999) . In the 
peripheral nervous system, convergent programs of 
transcription factor expression have been suggested to 
coordinate pan-neuronal properties with more specific 
aspects of neuronal subtype identity, notably 
neurotransmitter synthesis and trophic factor sensitivity 
(Lo et al . , 1998, 1999; Pattyn et al . , 1999; Goridis and 
Brunet, 1999) . 

When and how neuronal subclasses in the central nervous 
system acquire their specialized functional properties is 
less well understood. Studies of the differentiation of 
spinal motor neurons (MNs) have provided some insight into 
the steps that confer neuronal subtype identity within the 
central nervous system. Physiological and anatomical studies 
have revealed that spinal MNs exhibit several levels of 
organization and function (Landmesser, 1978 a, b) and these 
have a molecular correlate in the selective patterns of 
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expression of different families of transcription factors 
(Tanabe and Jessell, 1996; Goulding, 1998). Members of the 
LIM homeodomain (LIM-KD) protein family define aspects of 

the „ generic and columnar_ identities of spinal MNs (Ericson 

et al., 1992; 1996; Tsuchida et al" , 1994 ;"~Sh'arma et r air,. 
1998) . In addition, many of the MN pools that innervate 
individual muscles in the limb can be defined by the 
expression of ETS domain proteins (Lin et al . , 1998). The 
analysis of neuronal fate changes that result from the 
misexpression or inactivation of certain of these nuclear 
factors has lent support to the idea that they have critical 
roles in the specification of MN identity (Tanabe et al . , 
1998: Sharma et al . , 1998; see Appel , 1999). 



30 



[U 15 Some of the earlier events that specify the differentiation 

H of neural progenitors into MNs have also been defined. The 

3 differentiation of MNs is initiated when progenitor cells 

W located in the ventral half of the neural tube acquire 

[ 3 distinct identities in response to the graded signaling 

W 20 activity of Sonic hedgehog (Shh) (Ericson et al . , 1996, 

fS 1997a, is; Briscoe et al . , 1999). The final division of MN 

C3 progenitors in chick is marked by the onset of expression of 

H= two homeodomain proteins, MNR2 and Lim3 (Lhx3) which appear 

to have distinct roles in MN differentiation (Ericson et 
25 al., 1997a; Tanabe et al . , 1998; Sharma et al . , 1998). MNR2 
expression is restricted to MN progenitors whereas Lim3 is 
expressed by progenitor cells that give rise to an adjacent 
population of V2 interneurons (Ericson et al . , 1997a; Tanabe 
et al., 1998). In chick, the ectopic expression of MNR2 is 
sufficient to direct the differentiation of neural cells 
into MNs and to suppress V2 interneuron generation (Tanabe 
et al., 1998). In contrast, ectopic expression of Lim3 
alone appears to promote the generation of V2 interneurons 
(Tanabe et al . , 1998). These results suggest that MNR2 has 
a role in specifying whether ventral progenitors that 
express Lim3 generate MNs rather than V2 neurons. 
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The function of many of the other transcription fact 
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whose expression is restricted to MNs has not yet been 
addressed. Amongst these, the homeobox gene Hb9_ (Harrison et 
al 1994; Ross et al . , 1998) is a selective marker of MNs 
in' the developing spinal cord (Pfaff et al., 1996; Saha et 
al" 1997-" Tanabe et al. , 1998) . Strikingly, -HB9- -possesses . 
a horneodomain virtually identical to that of MNR2 . Moreover, 
the ectopic expression of HB9 in chick has been shown to 
mimic the MN- inducing and V2 interneuron repressive 
activities of MNR2 (Tanabe et al . , 1998; unpublished data), 
in contrast to MNR2 , however, the expression of HB9 in chick 
is excluded from ventral progenitor cells and is restricted 
to post-mitotic MNs (Tanabe et al . , 1998), suggesting that 
it has a later role in the differentiation of post -mitotic 

MNs Furt-h-er-insight-i-nto- the _ developmental xqles of MNR2_ 

and HB9 , however, requires an analysis of MN differentiation 
in embryos that lack the function of these horneodomain 
proteins . 

To begin to address this issue we have examined MN 
development in mice in which the Hb9 gene has been 
inactivated by targeted mutation. In mice lacking Hb9 
function, MNs are generated on schedule and in normal 
numbers. However, soon after MNs have left the cell cycle, 
there is a dramatic change in the program of MN 
differentiation. Most strikingly, MNs transiently express 
transcription factors normally characteristic of V2 
interneurons. In addition, and perhaps as a consequence , 
the transcription factor codes that define the columnar and 
pool identities of spinal MNs are markedly disrupted. These 
defects in the transcription factor profile of MNs are 
accompanied by abnormal MN migratory patterns, by errors in 
motor axon projections and by defects in the innervation of 
certain target muscles. Together, these results provide 
evidence that HB9 has a critical role in the consolidation 
of MN identity, in particular in repressing the expression 
of V2 interneuron character. 

The initial stages of pancreatic development occur early 
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1981) but 
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during mammalian embryogenesis (Wessells et al 
the genes governing this process remain largely unknown. The 
homeodomain protein IPFl/PDX! is expressed in the developing 
-pancreatic anlagen from the -10 somite stage (Ohlssonet al 
1993- Ahlgren et al . 1996) and mutations in the IPFl/PDXl 
gene prevent the development of the pancreas (Ahlgren et al . 
1996; Jonsson et al . 1994; Of field et al . 1996 ; Harrison et 
al 1994). However, the initial stages of pancreatic 
development still occur in Tpfl/Pdxl deficient mice (Ahlgren 
et al 1993) Hb96 is a homeobox gene that in humans has 
been linked to dominant inherited sacral agenesis (Ross et 
al 1998) and we show here that HB9 is expressed at early 

stag es of mouse pancreatic development and later in 

"differentiated" I cells 7 Hbi-fias^essential-functio^ -the- 
15 initial stages of pancreatic development. In absence of HbJL 
expression, the dorsal region of the gut epithelium fails to 
initiate a pancreatic differentiation program. In contrast, 
the ventral pancreatic endoderm develops but exhibits a 
later and more subtle perturbation in -cell differentiation 
20 and in islet cell organisation. Thus, dorsally Hb9 is 
required for specifying the gut epithelium to a pancreatic 
fate and ventrally for ensuring proper -cell 
differentiation. 
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g^mmarv of t-.he Invention 

This invention provides an isolated nucleic molecule 
encoding a motor neuron restricted pattern, MNR2 , protein. 

This invention provides a vector which comprises the 
isolated nucleic acid encoding a motor neuron restricted 
pattern, MNR2 , protein. 

This invention provides a host cell containing the vector 
which comprises the isolated nucleic acid encoding a motor 
neuron restricted pattern, MNR2', protein. 

"This" "invention provides a- method -of-producing_ a^pplypeptide 
having the biological activity of a mammalian MNR2 which 
comprises growing host cells selected from a group 
consisting of bacterial, plant, insect or mammalian cell, 
under suitable conditions permitting production of the 
polypeptide. 

This invention provides an isolated nucleic acid molecule of 
at least 15 contiguous nucleotides capable of specifically 
hybridizing with a unique sequence included within the 
sequence of the nucleic acid molecule encoding a motor 
25 neuron restricted pattern, MNR2 , protein^ 

This invention provides an antisense oligonucleotide having 
a nucleic acid sequence capable of specifically hybridizing 
to an mRNA molecule encoding a MNR2 protein. 

This invention provides a monoclonal antibody directed to an 
epitope of an MNR2 protein. 

This invention provides a purified MNR2 protein. 

35 This invention provides a method of inducing differentiation 
somatic motor neurons which comprises expressing MNR2 
protein in neural progenitor cells. 



20 



-9- 

This invention provides a transgenic nonhuman mammal which 
comprises an isolated nucleic acid encoding a motor neuron 
restricted pattern, MNR2 , protein, is a DNA molecule. 

" T" "This"" invention' ~ pYovides."" a method of determining 
ohvsioloqical effects of expressing varying levels of MNR2 
Protein in a transgenic nonhuman mammal which comprises 
producing a panel of transgenic nonhuman animals, each a 
transgenic nonhuman mammal, each nonhuman mammal expressing 
10 a different amount of MNR2 protein. 

This invention provides a method of producing an isolated 
purified MNR2 protein which comprises: a) inserting a 

nu-cl-ei-c- acid- -molecule __enc.odi.ng_ _a_ _MJR_2 _ .protein, _into_ _a_ 

suitable vector; b) introducing the resulting vector into a 
suitable host cell; O selecting the introduced host cell 
for the expression of the MNR2 protein; d) culturing the 
selected cell to produce the MNR2 protein; and e) recovering 
the MNR2 protein produced. 
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This invention provides a method of inducing differentiation 
of somatic motor neurons in a subject comprising 
administering to the subject the purified MNR2 protein m an 
amount effective to induce differentiation of somatic motor 
2 5 neurons in the subject. 

This invention provides a pharmaceutical composition 
comprising a purified MNR2 protein and a pharmaceut ically 
acceptable carrier. 

This invention provides a method for treating a subject 
afflicted with an abnormality associated with a lack of one 
or more normally functioning motor neurons which comprises 
introducing an amount of a pharmaceutical composition 
comprising a purified MNR2 protein and a pharmaceut ically 
acceptable carrier effective to generate somatic motor 
neurons from undifferentiated motor neuron precursor cells 
in the subject, thereby treating the subject afflicted with 
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the abnormality associated with the lack of one or more 
normally functioning motor neurons. 

This invention provides a method of treating a subject 
afflicted with a neurodegenerative- disease which comprises 
Producing an. amount of a pharmaceutical composition which 
comprises a purified MNR2 protein and a pharmaceutical^ 
acceptable carrier effective to generate somatic motor 
neurons from undifferentiated precursor motor neuron cells 
in the subject, thereby treating the subject afflicted with 
the neurodegenerative disease. 

This invention provides for a method of treating a subject 

afflicted- -wi-t-h— an- -acute.. _nervous_ system __i n jury which 

15 comprises introducing an amount of a pharmaceutical 
composition which comprises a purified MNR2 protein and a 
pharmaceutical^ acceptable carrier effective to generate 
motor neurons from undifferentiated precursor motor neuron 
cells in a subject, thereby treating the subject afflicted 
with the acute nervous system injury. 

This invention provides for a method of treating a subject 
afflicted with an acute nervous system injury, wherein the 
acute nervous system injury is localized to a specific 
central axon which comprises surgical implantation of a 
pharmaceutical composition comprising a MNR2 protein and a 
pharmaceutical^ acceptable carrier effective to generate 
motor neurons from undifferentiated precursor motor neuron 
cells located proximal to the specific central axon, so as 
to alleviate the acute nervous system injury localized to a 
specific central axon, thereby treating the subject 
afflicted with the acute nervous system injury. 

This invention provides a method for diagnosing a chronic 
neurodegenerative disease associated with the expression of 
a MNR2 protein in a sample from a subject which comprises: 
(a) obtaining DNA from the sample of the subject suffering 
from the chronic neurodegenerative disease; (b) performing 
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a restriction digest of the DNA with a panel of restriction 
enzymes; (c) separating the resulting DNA fragments by size 
fractionation; (d) contacting the resulting DNA fragments 
with a nucleic acid probe capable of specifically 
hybridizing with a unique . sequence included within the 
sequence of a nucleic acid molecule encoding a MNR2 protein, 
wherein the sequence of a nucleic acid molecule encoding a 
MNR2 protein is linked at a specific break point to a 
specified nucleic acid sequence and labeled with a 
detectable marker; (e) detecting labeled bands which have 
hybridized to the nucleic acid probe capable of specifically 
hybridizing with a unique sequence included within the 
sequence of a nucleic acid molecule encoding a MNR2 protein, 
" whTrein -the-se-qu¥n-ce-o-f- a nucleic acid molecule encoding _a__ 
MNR2 protein is linked at a specific break point to a 
specified nucleic acid sequence to create a unique band 
pattern specific to the DNA of subjects suffering from the 
chronic neurodegenerative disease; (f) preparing DNA 
obtained from a sample of a subject for diagnosis by steps 
(a-e) ; and (g) comparing the detected band pattern specific 
to the DNA obtained from a sample of subjects suffering from 
the chronic neurodegenerative disease from step (e) and the 
DNA obtained from a sample of the subject for diagnosis from 
step (f) to determine whether the patterns are the same or 
different and to diagnose thereby predisposition to the 
chronic neurodegenerative disease if the patterns are the 
same. 

This invention provides a method for diagnosing a chronic 
neurodegenerative disease associated with the expression of 
a MNR2 protein in a sample from a subject which comprises: 
(a) obtaining RNA from the sample of the subject suffering 
from chronic neurodegenerative disease; (b) separating tne 
RNA sample by size fractionation; (c> contacting the 
resulting RNA species with a nucleic acid probe capable of 
specifically hybridizing with a unique sequence deluded 
within the sequence of a nucleic acid molecule encoding a 
MNR2 protein, wherein the sequence of a nucleic acid 



molecule encoding a MNR2 protein is linked at a specific 
break point to a specified nucleic acid sequence and labeled 
with a detectable marker; (d) detecting labeled bands which 
h aw hybrid ized to the RNA specie s to create a uni q ue band 
pattern specific to the RNA of subjects suffering from the 
chronic neurodegenerative disease; (e) preparing RNA 
obtained from a sample of a subject for diagnosis by steps 
(a-d) ; and (f ) comparing the detected band pattern specific 
to the RNA obtained from a sample of subjects suffering from 
the chronic neurodegenerative disease from step (d) and the 
RNA obtained from a sample of . the subject for diagnosis from 
step (f) to determine whether the patterns are the same or 
different and to diagnose thereby predisposition to the 
ct^o^ ^^odegenerative di sease ~~ i~f~~the patterns "are - "the" 
same . 

This invention provides a functionally equivalent analog of 
MNR2 that induces MNR2 differentiation of neural progenitor 
cells. 

This invention provides a functionally equivalent analog of 
MNR2 that prevents MNR2 differentiation of neural progenitor 
cells. 

This invention provides a method of treating a subject 
afflicted with a neuromuscular disease which comprises 
introducing an amount of a pharmaceutical composition 
comprising a purified MNR2 protein and a pharmaceutical ly 
acceptable carrier effective to activate acetylcholine to 
activate muscle cells. 

This invention provides an isolated nucleic molecule 
encoding a homeobox, HB9, protein. 

This invention provides a vector which comprises the 
isolated nucleic acid encoding a homeobox, HB9, protein. 

This invention provides a host cell containing the vector 
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which comprises the isolated nucleic acid encoding a 
homeobox, HB9, protein. 
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This invention provides a method of producing a polypeptide 
having the biological activity of a "mammalian HB 9 ""which 
comprises growing host cells selected from a group 
consisting of bacterial, plant, insect or mammalian cell, 
under suitable conditions permitting production of the 
polypeptide . 



This invention provides an isolated nucleic acid molecule of 
at least 15 contiguous nucleotides capable of specifically 
;i hybridizing with a unique sequence included within the 

10 ~ "sequence "of "the- nucle i-c— ac id-mol-eeul-e-encoding_ a^homeobox , _ 

m 

;-5 .15 HB9 , protein^ 

LP 

- : 0 This invention provides an antisense oligonucleotide having 

]f J a nucleic acid sequence capable of specifically hybridizing 

C3 to an mRNA molecule encoding a HB9 protein. 

This invention provides a monoclonal antibody directed to an 
epitope of an HB9 protein. 

This invention provides a purified HB9 protein. 

This invention provides a method of inducing differentiation 
somatic motor neurons which comprises expressing HB9 protein 
in neural progenitor cells. 

This invention provides a transgenic nonhuman mammal which 
comprises an isolated nucleic acid encoding a homeobox, HB9, 
protein, is a DNA molecule. 

This invention provides a method of determining 
35 physiological effects of expressing varying levels of HB9 
protein in a transgenic nonhuman mammal which comprises 
producing a panel of transgenic nonhuman animals, each a 
transgenic nonhuman mammal, each nonhuman mammal expressing 
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a different amount of HB9 protein. 



This invention provides a method of producing an isolated 
purified HB9 protein which comprises: a) inserting a nucleic 
5 acid molecule encoding a HB9 protein into a suitable vector"; ~ 
b) introducing the resulting vector into a suitable host 
cell; c) selecting the introduced host cell for the 
expression of the HB9 protein; d) culturing the selected 
cell to produce the HB9 protein; and e) recovering the HB9 
10 protein produced. 

This invention provides a method of inducing differentiation 
of somatic motor neurons in a subject comprising 

administering-to^the -subjeet^-the-pu^i-f-ied— HB9— protein-in-an_ 

15 amount effective to induce differentiation of somatic motor 
neurons in the subject. 

This invention provides a pharmaceutical composition 
comprising a purified HB9 protein and a pharmaceutically 
2 0 acceptable carrier. 

This invention provides a method for treating a subject 
afflicted with an abnormality associated with a lack of one 
or more normally functioning motor neurons which comprises 

2 5 introducing an amount of a pharmaceutical composition 
comprising a purified HB9 protein and a pharmaceutically 
acceptable carrier effective to generate somatic motor 
neurons from undifferentiated motor neuron precursor cells 
in the subject, thereby treating the subject afflicted with 

30 the abnormality associated with the lack of one or more 
normally functioning motor neurons. 

This invention provides a method of treating a subject 
afflicted with a neurodegenerative disease which comprises 
35 introducing an amount of a pharmaceutical composition which 
comprises a purified HB9 protein and a pharmaceutically 
acceptable carrier effective to generate somatic motor 
neurons from undifferentiated precursor motor neuron cells 
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in the subject, thereby treating the subject afflicted with 
the neurodegenerative disease. 

This invention provides for a method of treating a subject 
5 "afflicted" with an "acute /nervous system- injury which 
comprises introducing an amount of a pharmaceutical 
composition which comprises a purified HB9 protein and a 
pharmaceutically acceptable carrier effective to generate 
motor neurons from undifferentiated precursor motor neuron 
10 cells in a subject, thereby treating the subject afflicted 
with the acute nervous system injury. 

This invention provides for a method of treating a subject 

af "f ri-c ted-wi-th-an- acute- -nervous- system injury, .wherein, the _ 

15 acute nervous system injury is localized to a specific 
central axon which comprises surgical implantation of a 
pharmaceutical composition comprising a HB9 protein and a 
pharmaceutically acceptable carrier effective to generate 
motor neurons from undifferentiated precursor motor neuron 
2 0 cells located proximal to the specific central axon, so as 
to alleviate the acute nervous system injury localized to a 
specific central axon, thereby treating the subject 
afflicted with the acute nervous system injury. 

2 5 This invention provides a method for diagnosing a chronic 
neurodegenerative disease associated with the expression of 
a HB9 protein in a sample from a subject which comprises: 
(a) obtaining DNA from the sample of the subject suffering 
from the chronic neurodegenerative disease; (b) performing 

30 a restriction digest of the DNA with a panel of restriction 
enzymes; (c). separating the resulting DNA fragments by size 
fractionation; (d) contacting the resulting DNA fragments 
with a nucleic acid probe capable of specifically 
hybridizing with a unique sequence included within the 

35 sequence of a nucleic acid molecule encoding a HB9 protein, 
wherein the sequence of a nucleic acid molecule encoding a 
HB9 protein is linked at a specific break point to a 
specified nucleic acid sequence and labeled with a 



detectable marker; (e) detecting labeled bands which have 
hybridized to the nucleic acid probe capable of specifically 
hybridizing with a unique sequence included within the 
sequence of a nucleic a.cid ^o^cule_encoding_a HB9_{)rot_ein,_ 
wherein the sequence of a nucleic acid molecule encoding a 
HB9 protein is linked at a specific break point to a 
specified nucleic acid sequence to create a unique band 
pattern specific to the DNA of subjects suffering from the 
chronic neurodegenerative disease; (f) preparing DNA 
obtained from a sample of a subject for diagnosis by steps 
(a-e) ; and (g) comparing the detected band pattern specific 
to the DNA obtained from a sample of subjects suffering from 
the chronic neurodegenerative disease from step (e) and the 
"DNA obtained from ~a~ "sample of the - subject for diagnosis from 
step (f) to determine whether the patterns are the same or 
different and to diagnose thereby predisposition to the 
chronic neurodegenerative disease if the patterns are the 
same . 

This invention provides a method for diagnosing a chronic 
neurodegenerative disease associated with the expression of 
a HB9 protein in a sample from a subject which comprises: 
(a) obtaining RNA from the sample of the subject suffering 
from chronic neurodegenerative disease; (b) separating the 
RNA sample by size fractionation; (c) contacting the 
resulting RNA species with a nucleic acid probe capable of 
specifically hybridizing with a unique, sequence included 
within the sequence of a nucleic acid molecule encoding, a 
HB9 protein, wherein the sequence of a nucleic acid molecule 
encoding a HB9 protein is linked at a specific break point 
to a specified nucleic acid sequence and labeled with a 
detectable marker; (d) detecting labeled bands which have 
hybridized to the RNA species to create a unique band 
pattern specific to the RNA of subjects suffering from the 
chronic neurodegenerative disease; (e) preparing RNA 
obtained from a sample of a subject for diagnosis by steps 
(a-d) ; and (f) comparing the detected band pattern specific 
to the RNA obtained from a sample of subjects suffering from 



the chronic neurodegenerative, disease from step (d) and the 
RNA obtained from a sample of the subject for diagnosis from 
step (f) to determine whether the patterns are the same or 
-dif-f erent - -and— to diagnose thereby, predisposition. _._t_o__t he 
chronic neurodegenerative disease if the patterns are the 
same . 

This invention provides a functionally equivalent analog of 
HB9 that induces HB9 differentiation of neural progenitor 
cells . 

This invention provides a functionally equivalent analog of 
HB9 that prevents HB9 differentiation of neural progenitor 
cells . 

This invention provides a method of treating a subject 
afflicted with a neuromuscular disease which comprises 
introducing an amount of a pharmaceutical composition 
comprising a purified HB9 protein and a pharmaceutically 
acceptable carrier effective to activate acetylcholine to 
activate muscle cells. 
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Brief Description of the Figures 
Figures 1 A-H. 

Isolation and Characterization of MNR2 . 
Figure 1-A. 

Hybridization analysis of cells isolated from [i] explants 
grown alone or with Shh. Left hand panels show cells 
isolated from explants grown with 2nM Shh and right hand 
panels show cells isolated from explants grown without Shh. 
Top panels: ethidium labeling of PCR-amplif ied single cell- 
derived cDNAs . Lower panels: specific PCR-amplif ied 

transcripts in individual cells. Red circle indicates a 
mnt-or "neuron ~def "ined~by ~I sTl , HB9 ~and" - Ts-1-2- expression- — Gray- 
circles indicate interneurons , defined by Lim2 expression. 

Figure IB. 

Sequence similarity of the chick and human HB9 proteins 
(black line) and chick MNR2 and HB9 proteins (red line) . 
Conservation is indicated by higher similarity scores, using 
the PileUp and PlotSimilarity programs, Wisconsin Package 
9.1, Genetics Computer Group. Chick MNR2 is 56% identical 
to chick HB9. Chick HB9 is 77% identical to human HB9. HD: 
homeodomain. 

Figures 1C and ID. 

MNR2 expression in sections of cervical spinal cord of stage 
12 Fig. l.C and stage 16 Fig. ID. embryos. 

3 0 Figure IE. 

MNR2 expression in a stage 20 embryo. White circle shows 
position of the otic vesicle. Arrow indicates expression of 
MNR2 in abducens motor neurons. 



35 Figures 1F-H. 

Induction of MNR2 expression by Shh. [i] explants grown 
alone for 24h do not give rise to MNR2* cells Fig. IF. [i] 
explants grown with Shh (4nM) for 24h contain many MNR2* 
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cells Fig 1G not all of which express Isll/2 Fig 1H. Images 
representative of 4 explants. 



Figures 2 A-K. 

~~~ 5 Expression of MNR2"~~ Precedes tha tT ~o f ~~" O't her ""Homeodomain" 

Proteins. 

Figure 2A. 

MNTR2 expression (red cells) in the ventral neural tube of a 
10 stage 18 embryo labeled with a pulse of BrdU (green cells) . 
Many cells coexpress MNR2 and BrdU (yellow cells). 

□ Figure 2B. 

aO . Ad-j acent- -sect ion -to- Fig-2A • -showing__t hat_.I sl l /2^cells_ J red 

15 cells) . do not coexpress BrdU (green cells) . 

I fs 

"pi Figure 2C. 

m Coexpression of MNR2 and MPM2 (Westendorf et al . , 1994) in 

^ a cell (yellow; arrow) in the ventral neural tube. 

171 20 Approximately one MNR2 + , MPM2 cell was detected/ 10 /zm 

ry section, analysis of 300 MNR2* cells in 30 sections. 

pa Figure 2D 

Coexpression of MNR2 (red) and Pax6 (green) by ventral cells 
25 in stage 2 0 spinal cord. 

Figure 2E. 

MNR2 + cells (red) located dorsal to Nkx2 . 2* cells (green) in 
stage 2 0 chick spinal cord. 

30 

Figure 2F. 

MNR2 expression (red) in the caudal hindbrain (r7/r8) is 
restricted to dorsal hypoglossal (somatic) motor neurons. 
Ventral vagal (visceral) motor neurons express Isll (green) 
35 but not MNR2 . MNR2 is absent from other cranial motor 
neurons and from thoracic visceral motor neurons. MNR2 
expression is excluded from oculomotor and trochlear motor 
neurons; consistent with their expression of the visceral 



motor neuron markers Phox2a and Phox2b (Pattyn et al . , 
1997) . 

Figures 2G-J. 

"Expression- of — MNR2 — ( red-)- and —other -homeodomain— -protein- 
markers (green) of spinal motor neurons in stage 20 embryos. 
Arrow in Fig, 2G. indicates dorsal Isll + (D2) neurons. Lim3 
+ cells dorsal to MNR2* cells in Fig. 2J. are V2 neurons 
(arrow) . 

Figure 2K. 

Temporal sequence of homeodomain protein expression by 
somatic motor neuron progenitors and newly-differentiated 

somatic motor neurons . D2 an d V2 neuron domains are shown. 

Dotted line indicates cell cycle exit. 

Figures 3A- J * 

MNR2 Induces Somatic Motor Neuron Transcription Factors* 
Figure 3A. 

Sections of the spinal cord of an MNR2 -infected embryo at 
stage 23. In this embryo, ectopic MNR2 expression is 
detected predominantly on the right side. 

Figures 3B-E. 

Ectopic expression of Isll Fig- 3B. Isl2 Fig. 3C. HB9 Fig. 
3D. and Lim3 Fig. 3E. in an MNR2 -infected embryo. Ectopic 
cells exhibit no dorsoventral (DV) restriction. The 
increase in the number of dorsal Isll* cells Fig 3B. is not 
caused by the precocious differentiation of D2 neurons (data 
not shown) . 

Figure 3F 

Detail of an MNR2 -infected spinal cord showing that ectopic 
Isll + cells coexpress MNR2 . Similar findings were obtained 
for Isl2 + and HB9 + cells. 



Figure 3G. 

Section through the spinal cord of an MNR2 - infected embryo 
showing Pax7 + dorsal progenitors (green) . Ectopic MNR2 (red) 
doe s^not repress Pax 7_ (green) . Lateral f©?R2* / ..Pax7'_ce.l.ls_are_ 
post -mitotic neurons. Arrowhead indicates DV boundary. 

Figures 3H-J. 

Induction of Isll/2 in ventral progenitors by MNR2 . [i] 
explants isolated from MNR2 - infected embryos and grown in 
vitro for 24h with 0 . 5nM Shh contain many MNR2 + cells Fig. 
3H. Many of these cells express Isll/2 Fig. 31. [i] explants 
isolated from uninfected embryos and exposed to 0 . 5nM Shh do 
not contain MNR2* cells Fig. 3 J. and do not give rise to 
'~TsTl72* Tieurons" Tdata^ot^shovaiy . Similar results obtained in 
4 explants. 

Figures 4A-J. 

MNR2 Functions Within the Context of a General Neurogenic 
Program. 

Figure 4A. 

Coexpression of MNR2 (red) and Cynl (green) in the spinal 
cord of an MNR2 -infected embryo, analyzed at stage 21. Cynl*, 
MNR2 + cells are restricted to the lateral margin of the 
spinal cord. MNR2 expression does not alter the number of 
Cynl + cells. 

Figure 4B. 

Quantitative analysis of Cynl expression by ectopic MNR2* 
cells. Similar values were obtained from stages 20-23. 
Analysis derived from >300 MNR2 + cells. 

Figure 4C. 

Detail of the dorsal spinal cord of an MNR2- infected embryo. 
All ectopic Isll/2 + cells coexpress Cynl (green) . 



Figure 4D. 

MNR2- induced ectopic Isll + cells coexpress Cynl. Analysis of 
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>200 ectopic Isll* cells. 
Figure 4E . 

Proportion of MNR2- induced ectopic Isl2 + , HB9 + and Lim3 + cells 
"that coexpres s — I si 1 . All I sl2 + ' and "HB9~* "ceil s coexpress 
Isll. Only 55% of ectopic Lim3 + cells coexpress Isll . 
Analysis of 77 Isl2 + , 38 HB9 + and 96 Lim3 + cells. 

Figure 4F. 

Many ectopic Lim3 + cells (red) in MNR2 - infected embryos are 
labeled (arrows) by a BrdU pulse (green) . 

Figure 4G. 

— Deta-irl— -s ho wing — tha t many— MNR2- - i ndu c e d — ect op i-c— L i m3 + - -eel 1 s- 
(green) do not express Isll (red) . 

Figure 4H. 

Expression of homeodomain protein markers in ectopic MNR2* 
neurons (MNR2 + /Cynl + cells) . Analysis of 690 Isll , 70 
Isl2*, 111 HB9 + and 540 Lim3 * cells. More than 2000 MNR2 + 
cells analyzed from more than 40 MNR2 - infected embryos. 

Figure 41. 

Misexpression of MNR2 in an embryo infected with a MNR2 3'A 
construct. Section labeled with a 5' coding probe. 

Figure 4 J. 

Activation of endogenous MNR2 in an MNR2 - infected embryo 
revealed using a 3' non-coding probe. The endogenous MNR2 
gene is activated both in neural and surrounding tissues. 

Figures 5 A- J. 

MNR2 Induces Later Features of the Somatic Motor Neuron 
Phenotype . 

Figures 5A-D. 

ChAT expression in the spinal cord of uninfected Fig. 5A. 
and Fig. 5C. and MNR2 - infected embryos Figs. 5B. and D. 



Ectopic clusters of ChAT * cells are detected in the dorsal 
spinal cord of MNR2 -infected embryos (arrows in Figs. 5 B 
and D) . 



Figure 5E. 

Quantitation of ectopic dorsal ChAT * cell clusters in 
uninfected and MNR2 -infected embryos. Number of ectopic 
dorsal ChAT + cell clusters detected in 70, 15 fim sections. 

Figures 5F-H. 

FITC-Dextran + (FITC-Dx) labeled neurons in the spinal cord of 
stage 25 embryos after application of FITC-Dx to the ventral 
roots. In uninfected embryos Fig, 5F., retrogradely labeled 
"cell's (green) are "rest ri~cted~ to ~rs"l"l"/"2" + ~ mot or~neurons (red) - / 
In MNR2 - infected embryos ectopic FITC-Dx* Isll/2 are detected 
in the VI and V2 neuron domain Fig. 5G. Ectopic FITC-Dx* 
neurons are also located in the dorsal spinal cord and 
coexpress Isll/2 Fig* 5H and MNR2 Fig. 51. The axons of 
these neurons project ventrally (arrows in Fig. 51) . Sensory 
axons in the dorsal root entry zone have also been labeled 
in some embryos (see Fig. 51) . 

Figure 5J. 

Ectopic FITC-Dx* neurons in the dorsal spinal cord (DV 
boundary is shown by dotted line in Fig. 5H. , analyzed in 
80, 10 fim sections of uninfected and MNR2 - infected embryos. 
Ectopic FITC-Dx neurons in the VI and V2 neuron domain are 
not plotted in Fig. 5 J. 

Figures 6A-P. 

Cooperation of MNR2 and Isll in the Induction of Somatic 
Motor Neurons . 

Figures 6A-E. 

Sections of the spinal cord of an embryo infected with Isll 
virus and analyzed at stage 20. Despite ectopic expression 
of Isll Fig. 6A., no ectopic MNR2* Fig. 6B. , Lim3 + Fig. 6C, 
Isl2 + Fig. 6D. or HB9 + Fig. 6E. cells are detected. Images 



representative of six infected embryos. 

Figs. 6F-H. Isll, Isl2 and HB9 expression in an MNR2 - 
infected embryo analyzed at stage 20. Most Isll* neurons are 
focused on the D2 neuron domain although more ventral ly 
" located neurons" are al so"de tect'ed" Fig— " 6F . ~Al 1- I-si2 + — ce-l-l-s— 
Fig- 6G. coexpress Isll Fig. 6H. (see panel Fig. 6P. for 
quantitation) . 

Figures. 61, 6 J. 

HB9 expression in a stage 20 MNR2 -infected embryo. All 
ectopic HB9 + cells Fig. 61. coexpress Isll Fig. 6J. See 
panel Fig 6P. for quantitation. 

-Figures 6K-M 

Isl2 and HB9 expression in the spinal cord of an embryo 
coinfected with MNR2 and Isll viruses, analyzed at stage 20. 

Figure 6K. 

Many ectopic MNR2 + cells (red) coexpress Isll (green ) and 
thus appear as yellow cells. 

Figure 6L. 

Ectopic expression of Isl2 in the spinal cord of an embryo 
coinfected with MNR2 and Isll viruses, analyzed at stage 20. 

Figure 6M. 

Ectopic expression of HB9 in the spinal cord of an embryo 
coinfected with MNR2 and Isll viruses, analyzed at stage 20. 
Figure 6N. 

Expression of Lim3 , Isl2 and HB9 in ectopic MNR2* , Isll* 
cells. Analysis of more than 300 cells for each marker, 
from four infected embryos. 

Figures 60. and P. 

Distribution of ectopic Isll + , Isl2* and HB^ , cells along 
the DV axis of the spinal cord of uninfected, MNR2 -infected, 
and MNR2 /Isll- coinfected embryos, analyzed at stage 20. 
Diagram in Fig. 60. shows the DV divisions (bins A-F) of the 
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spinal cord used to compile histograms shown in Fig 6P. 
Bins B and C normally contain Isll + D2 neurons and bin F 
contains V2 neurons. Values indicate number of ectopic 
cells, mean + SEM > 300 cells in 30 sections for each 
5 marker. 

Figure 7 . 

Cooperation of Lim3 and Isll as Mediators of MNR2 Activity 
and Mimicry by HB9 . 

10 

Figure 7A. 

Ectopic expression of Lim3 in the spinal cord of a Lim3 - 
infected embryo, analyzed at stage 23. 



15 

Figure 7B. 

Absence of ectopic MNR2 + cells in the spinal cord of a Lim3 - 
infected embryo. Analysis of more than 4 00 0 ectopic Lim3 + 
cells. 

20 

Figure 7C. 

Absence of ectopic Isl2 + cells in the spinal cord of a Lim3- 
infected embryo. Analysis of more than 5000 ectopic Lim3 + 
cells. 

25 

Figure 7D. 

Low incidence of ectopic expression of HB9 (green) in the 
spinal cord of a Lim3 -infected embryo. All ectopic HB9 
cells coexpress Isll (red) . Analysis of more than 5000 
30 ectopic Lim3 + cells. 

Figure 7E. 

Quantitation of ectopic Isll*, Isl2 + and HB9 + cells in the 
dorsal spinal cord of a Lim3 -infected embryo. Analysis of 
35 300-600 Lim3 + cells. 

Figure 7F. 

Ectopic expression of ChxlO (green) in the spinal cord of a 
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Lim3- infected embryo. All ectopic ChxlO* cells coexpress 
Lim3 (red) and thus appear as yellow cells. 

Figure 7G. 

5 Same image as in Fig. 7F, showing that ectopic ChxlO* cells 
(green) are located both dorsal and ventral (arrowheads) to 
the position of Isl + motor neurons. 

Figure 7H. 

10 Coexpression of Isll (red) and Lim3 (green) in the spinal 
cord of a Lim3 / Isll coinfected embryo. 
Figure 71. 

Isl2 expression is not detected in the spinal cord of a 

~~ I7i~m37"I s 1~1 co inf e c ted" embryo^ : — — — — 

15 

Figure 7 J. 

A high incidence of ectopic HB9 expression is detected in 
the spinal cord of a Lim3 /Isll coinfected embryo. 

2 0 Figure 7K. 

Ectopic Isll2 and HB9 expression in the dorsal spinal cord 
of Lim3 / Isll infected embryos. Analysis of 300-600 neurons 
from six infected embryos . 

25 Figure 7L. 

Expression of HB9 in the spinal cord of an HB9- infected 
embryo analyzed at stage 23. 

Figure 7M. 

30 Ectopic dorsal expression of Isl2 in the spinal cord of an 
HB9 -inf ected embryo. Analysis from >10 infected embryos. 

Figure 7N. 

Ectopic dorsal expression of Lim3 in the spinal cord of an 
35 HB9-inf ected embryo. 



Figure 8 . 

Role of MNR2 in the Shh- Induced Pathway of Somatic Motor 



Neuron and V2 Interneuron Generation, 

In this model, homeodomain proteins (MNR2, Isl2, HB9) shown 
in red are restricted to the somatic motor neuron lineage 
and those (Lim 3, ChxlO, V2 Interneuron) in blue to the V2 
interneuron lineage. Vertical gray bar indicates time of 

^ _|_ t_ ^ J. Will l_ A A V3T V^Cj. -L Jf W _i_ • -i- * ■»• ^ -h**w^<vwv^vv — - » 

subordinate activities of Lim3 and Isll in the activation of 
HB9, the requirement for Isll in the induction of HB9 and 
Isl2, and the autoact ivation of MNR2 . In the absence of 
MNR2 activity, Lim3 is sufficient to induce ChxlO. For 
details see the text. 

FIGURE 9 

Tuppres s Tioh^of ~~Sp Tina I~I nterneuroh Fa t e^ by^MNR2^ ~ 
Figure 9A. 

Schematic diagram of the position of Dl (LH2 + ) , D2 (Isll + ) , 
VI (Enl + ) and V2 (ChxlO*) interneurons in the spinal cord of 
a stage 20-22 chick embryo. 

Figure 9B. 

Section through the spinal cord of a stage 22 MNR2 -infected 
embryo showing the asymmetric distribution of ectopic MNR2* 
cells, which are restricted almost exclusively to the right 
half of the spinal cord of this embryo. 

Figures 9C-N. 

Sections through _ the same embryo shown, in Fig * 9B . double or 
triple-labeled to reveal ectopic Isll* neurons and the 
expression of Dl, D2 , VI and V2 interneuron markers. 

Figures 9C-E. 

Shows the reduction (approximately 75%) in LH2 expression in 
the right half of the infected embryo. 

Figures 9F-H. 

Shows the reduction in Brn 3.0 expression (88 ± 4%, n = 4 
sections) in the right half of the infected spinal cord. 



Figures 9I-K. 

Shows the reduction in Enl expression (46 ± 5%; n = 10 
sections) in the right half of the infected spinal cord. 

Figures 9L~-Nr — ~ — 

Shows the reduction in ChxlO expression (89 ±3%; n = 9 
sections) in the right half of the infected spinal cord. A 
similar repression of interneuron marker expression was 
detected in six other MNR2 - infected embryos. 

Figure 10 

cMNR2 Protein and the Predicted Amino Acid Sequence (SEQ ID 
NO: 1) . 



Figure 11 

CMNR2 DNA Nucleotides 1 -1736. (SEQ ID NO: 2) . 
Figure 12 

cHB9 Protein and the Predicted Amino Acid Sequence (SEQ ID 
NO: 3) . 

Figure 13 

cHB9 DNA Nucleotides 1 -1534. (SEQ ID NO: 4) . 

Figure 14 . Early Expression of HB9 by Developing Motor 
Neurons 

(A-D) Comparison of the expression of HB9 (red) and Lim3 
(Lhx3) (green) in developing motor neurons at caudal 
cervical levels of e9.5 to elO.O mouse embryos. Percentage 
numbers in each panel indicate the approximate fraction of 
motor neurons detected at the time of analysis, compared to 
the total number of motor neurons generated by ell.O (see 
Figure 3A) . (A) At e9.5 (10-25% motor neuron generation), 
HB9 and Lim3 are coexpressed by most labeled cells- although 
occasional Lim3*/HB9* cells are detected. (B, C) At slightly 
older ages (e9.75: 30-60% motor neuron generation), many 
medially located Lim3 + /HB9 * cells are detected and most 
double-labelled cells are confined to the lateral margins of 



the ventral spinal cord. (D) A similar profile is observed 
near the end of the period of motor neuron generation. The 
notochord is also labelled at these developmental stages. 

(E-H) Comparison of expression of HB9 (red) ancT'lsll (green) 
in developing motor neurons located at caudal cervical 
levels of e9.5 to elO.O mouse embryos. (E) . In e9.5 embryos 

(10-15% motor neuron generation) , HB9 and Isll are 
coexpressed by most cells, although occasional HB9 + /Isll" 
cells are detected (arrows) . (F, G) At slightly older stages 

(e9.75: 50-60% motor neuron generation) HB9 and Isll are 
coexpressed by virtually all cells in the ventral spinal 
cord. Note the expression of Isll but not of HB9 in sensory 
"neurons - in — the— dors-ai — root — gang-l-i-a - -in — (-G-)-.— A — similar- 
profile is observed near the completion (85%) of motor 
neuron generation (H) 

(I-L) Comparison of HB9 and MPM2 expression in developing 
motor neurons located at caudal cervical levels of e9 . 5 to 
elO.O mouse embryos. (I)- In e9.5 embryos (10-15% motor 
neuron generation) , 10% of medially located MPM2* cells 
express HB9 (arrow) although many ventral MPM2 + cells within 
the domain of motor neuron generation lack HB9 expression, 
(j, k) At slightly older stages (e9.75) (25-60% motor neuron 
generation) only 3% of MPM2 cells express HB9. Near the 
completion of motor neuron generation (>60% motor neuron 
generation) no MPM2* cells coexpressed HB9 , although many 
MPM2*, Lim3 + cells were detected (not shown) . MPM2 analysis 
was based on at least_6 embryos examined over the period 
e9.5 to el0.0.(M) BrdU expression in many Lim3 + cells in the 
ventral domain of motor neuron generation, assayed during 
the peak period (60%) of motor neuron genesis. 
(N-P) Sections through e9.75 and elO.O embryos, pulse -labeled 
with BrdU in vivo for 2h. At early stages of motor neuron 
genesis a few BrdU*/HB9 + cells are detected (N) but during the 
peak (0) and late (P) periods of motor neuron genesis, the 
number of BrdU + /HB9 + cells drops dramatically. BrdU analysis 
was performed in at least 6 embryos. 



(Q) The position of generation of MNs and V2 interneurons. 
(R, S) Diagrams indicating the temporal profile of 
expression of HB9 in the early differentiation of mouse (R) 
and chick (S) spinal MNs, assessed by expression of 
homeodomain transcription factors. The sequential stages in 
the conversion of MN progenitors into post -mitotic MNs in 
chick are based on the data of Tanabe et al . , 1998. Dashed 
vertical line indicates approximate time of cell cycle exit. 

Figure 15. Inactivation of Hb9 by Homologous Recombination. 

(A) Diagrams show strategy for homologous recombination at 
the Hb9 locus in ES cells to generate a disrupted allele of 
Hb9 and the transgenic construct used to define a motor 

-neuron— -regulatory- region in-— the — Hb9 — locus r A— 9kb~NotT— 

fragment comprising the 5' upstream region of the Hb9 gene 
and sequence from the first exon (blue) of Hb9 was used to 
generate a transgenic construct. To generate a disrupted Hb9 
allele, targeting cassettes were integrated into the NotI 
site of the first of three exons of the Hb9 gene (data not 
shown) . A 6kB 5* region (Sse83871-NotI) and a 3kB 3* region 
(Notl-Xbal) were used to generate the basic targeting vector" 
into which the targeting cassettes (green) were integrated. 
The probe to screen ES cells for the detection of homologous 
recombination was a lkB Xbal-Xhol (grey bar) fragment 
located 3' to the region used for the generation of the 
targeting construct. 

(B) Targeting cassettes used for the generation of 
transgenic mice (i: IRES-nlslacZ) and generation of Hb9 
alleles by homologous recombination in ES cells (ii-iv: ii: 
IRES-nlslacZ; iii: IRES-taulacZ; iv: IRES-taumyc) . For 
homologous recombination, a PGK-NEO cassette flanked by loxP 
sites was inserted 3' to a Sail site . Right: Representative 
Southern blot of Hb9 nis " lacZ genomic DNA derived from HbP . 
Hb9 nts(acz/+ and nbi? L5tacZ ' nlstacZ embrvos (6kB mutant band, 20kB 
wild type band; lines to the left indicate molecular weight 
standards; Sall/Xhol digest) . Similar diagnostic blots were 
obtained from the other two targeted alleles (available on 
request) . 
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(C-F) Analysis of wholemount embryos stained for 
Galactosidase ( -Gal) activity . 

(C) elO transgenic embryo (TgN (Hb9) SAX16 ) , labeled for -Gal 
expression . 

5 (D) ell. 5 Hb9 nlstac2/ * embryo. The staining in the developing 

limbs corresponds to the region of the zone of polarizing 
activity (zpa) . 

<E, F) -Gal staining of ell. 5 Hb !? ulac2/ * (E) and compound 
mutant Hb9 taulacZ/tauntyp (F) embryos. In the presence of one 
10 allele of tau-lacZ the staining intensity in the compound 
homozygote is five fold higher than in the heterozygote . 
Embryos were processed for the same incubation time. 
(F-H) Expression of HB9 in the spinal cord of el0.5 wild 

type" "embryos - _ (F) r~ Coincidence -of— expression— of— HB 9— protei-n- 

15 (green) and nls-lacZ (-Gal red) in elO.5 Hb9 nlslacZ ^ spinal 

cord (G) . Absence of HB9 protein in the spinal cord of 
el0.5 Hb9 nlslacZ ' nlslacZ embryos (H) . 

Figure 16. Cell Migration Defects in Hb9 Mutant Embryos. 

20 (A) Analysis of number of -Gal labeled cells in brachial 

spinal cord (cervical 7/8) at different developmental stages 
(elO, elO.5, el2.5 and e!3.5) in Hb9 ntslacZ ^ (solid line), and 
Hb9 nisiacz/nistacz (dashed line) embryos. 

(B-D) -Gal labeled neurons in Hb # slacZ/nlslacZ embryos are 
25 located adjacent to the spinal cord within ventral roots. 

(B) Whole mount -Gal staining of elO.5 lumbar spinal cord 
showing extraspinal -Gal neurons. 

(C) Extraspinal -Gal neurons (green) in an el2 . 5 embryo 
coexpress Isll/2 (red) . 

30 (D) Extraspinal -Gal cells (red) in an el2 . 5 embryo (arrow) 
do not express the sensory neuron marker Brn3 . 0 . The 
position of the dorsal root ganglion (DRG) is shown. 
(E-J) Organization of -Gal labeled cells in the CNS, 
visualized in whole mount preparations of el7.5 Hb9 ntslacZ/ * (E, 

35 G, I) and H b9 nislacZ ' nlslacZ (F, H, J) embryos. 

(E, F) Lateral view of caudal hindbrain and cervical level 
spinal cord. Arrows point to rostrocaudal level of 
hypoglossal MNs . Note the clustering of the -Gal labeled 
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cells in the hypoglossal nucleus in heterozygous embryos but 
the scattered organization of -Gal labeled cells along both 
the dorsoventral and rostrocaudal axes of homozygous Hb9 nlslacZ 
embryos . 

(G, H) Ventral view of forelimb level spinal cord. Note the 
clear segregation of the MMC (medial strip of -Gal labeled 
cells) and LMC (lateral group of -Gal labeled cells) in the 
spinal cord of heterozygous Hb9 nlslacZ embryos (G) and the 
extensive intermixing of -Gal labeled cells in homozygous 
Hb9 nisiacz embryos (H) . 

(I, J) Ventral view of lumbar level spinal cord. A clear 
segregation of -Gal labeled cells in MMC (medial strip) and 
LMC (lateral strip) is observed in the spinal cord of 
-heterozygous — Hb 9 n 1 s 1 acZ — embryos— (-I-) —but — not — in— homozygous — 
Hb9 nlslacZ embryos (J) . Similar observat ions were made in 
younger stage embryos (el4.5 to el6.5). 

Figure 17 . Transient Deregulation of Lim3 in Motor Neurons 
in Mice Lacking Hb9 . 

Analysis of Lim3 and Is 1.1 expression in -Gal labeled MNs in 
brachial spinal cord (level C7/8) at different developmental 
stages in Hb9 nlslacZ ^ and HbP ntslac2 A ltslacZ embryos. 

(A, B, E, F) Triple label immunocytochemical detection of 
Lim3 (green), -Gal (A, B: red) and Isll (E, F: red) on the 
same sections (A, E and B, F) of el0.5 Hb9 nlsiacZ ^ and 
Hb9 nisiac2/ni s iacz embryos. In Hb9 nlstacZ/ * embryos, MMC MNs maintain 
Lim3 expression but most MNs rapidly downregulate Lim3 . In 
Hb9 nis-tacz/nis-(acz embryos examined at this stage, virtually all 
Isll/ -Gal cells coexpress Lim3 . 

(C, D, G, H) Developmental time course of Lim3 and Isll 
expression in Hb9 nlslacZ '* (solid lines) a nd ^ajz/nisiacz 

(dashed lines) embryos. (C) Number of Lim3 cells. (D) Number 
of Lim3, -Gal cells. (G) Number of Isll cells. (H) Number 
of Lim3, Isll cells. Data from at least three independent 
sets of experiments for each developmental stage (elO, 
el 0.5, el2.5 and el3.5) are shown. For each stage the number 
of positive cells per ventral quadrant of the spinal cord 
was counted on at least four consecutive sections. 



Figure 18. V2 Interneuron Marker Expression by Motor 
Neurons but no_Ac company ing Change in Axonal Trajectory in 
Mice Lacking Hb9. 

Analysis of ChxlO expression by -Gal labeled cells and Isll 
MNs at" different" "developmental ' stages" i~ri " 'brachial"" spinal 
cord (level C7/8) of Hb9 nlslacZ ^ (A, C, D, F) and IIbQ nlsiacZ ^ nlslacZ 
(B, C, E, F) embryos. 

(A, B, D, E) Triple label immunocytochemical analysis of 
ChxlO (green), -Gal (A, B: red) and Isll (D, E: red) 
expression in sections of el0.5 spinal cord from Hb9 ntstacZ/ * 
(A, D) and Hb9 ntslacZ ^ nlslacZ (B, E) embryos. In IIbQ nUtacZ ^ embryos, 
there is no coincidence of expression of -Gal or Isll with 
ChxlO. In Hb9 nl5lacZ ^ nlslacZ , many Isll and -Gal labeled cells 

c ©express- Ghxl 0 . 

(C, F) Developmental time course of ChxlO expression in 
Hb9 nisiacz/+ ( so iid lines) and 

Hb9 nistacz/nisiacz (dashed lines) embryos. The peak number of 
ChxlO, -Gal cells in Hb fl slacZ/ntslacZ embryos occurred at el0.5 
after which their number gradually declined to that observed 
in Hb9 nlslacZ/t embryos. Data from at least three independent 
sets of experiments are shown for each developmental stage 

(elO, elO.5, el2 . 5 and el3.5). For each stage the number of 
labeled cells per ventral quadrant of the spinal cord was 
counted on at least four consecutive sections, 

(G-N) Retrograde HRP labeling from the base of the forelimb 
of ell. 5 heterozygous Hb9 nlslacZ (G, I) and homozygous HbP nislacZ 

(H, J) embryos. Triple label immunocytochemical detection of 
ChxlO (green), HRP (G, H: red) and Isll (I , J: red) on the 
same section (G, I and H, J) . Arrows point to ChxlO, HRP 
colabeled cells, two of which do not express Isll. 

(K-N) Axonal projection of Hb9 neurons in Hb9 taunyc ^* (K, M) and 
Hb9 taumyc/taumyc , N) embryos , detected using anti-Myc epitope 
antibodies . 

(K, L) Transverse sections of el3.5 spinal cord show myc- 
labeled axons projecting into the ventral roots. 

(M, N) Parasagittal sections of el3.5 spinal cord (R: 
rostral, C: caudal, M: medial; L: lateral) showing MN cell 
bodies and intersegmental projections in the ventrolateral 
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funiculus (vlf, white bar) . Myc- labeled (red) axons are not 
detected amongst the neurofilament (NF) 160-labeled (green) 
axons in the vlf in Hb9 tauwyc/taumyc embryos , indicating the 
absence of intersegmental projections of ectopic ChoxlO 



5 neurons. HRP injection into the vlf of the spinal cord of 
el 3. 5 wild type embryos labels ipsi lateral ChxlO neurons at 
more caudal segmental levels (data not shown) . 

Figure 19- Defects in Motor Neuron Subtype Identity in Hb9 
10 Mutant Mice. 

(A) Diagram summarizing sequential steps in motor neuron 
(MN) differentiation in the developing spinal cord. MNs 
(red) initially acquire a generic identity that 
" ~dTs^hgui sfies - thertr ~f rottT neighboring ~interneurons"fin -this- 

15 diagram only V2 interneurons are shown) . MNs initially 
express Isll, whereas V2 neurons (blue) express ChxlO. There 
are two major classes of spinal MNs, visceral and somatic, 
that project to different target cells. Most visceral MNs 
can be identified by expression of NADPH-diaphorase (NADPH- 

20 d) and somatic MNs by expression of Isl2 . The somatic MN 
class consists of two major columns/ the median (MMC) and 
lateral (LMC) motor columns that project to skeletal muscles 
in different peripheral locations. LMC MNs can be identified 
by expression of RALDH2 and MMC neurons by expression of 

2 5 Lim3 and Gsh4 . Within the LMC, neurons in the medial (m) 
division coexpress Isll and Isl2 and project to ventrally- 
derived limb muscles whereas neurons in the lateral (1) 
„ division coexpress Isl2 and Liml and project to dorsally- 
derived limb muscles. Within each LMC division, MN pools 

30 that project to individual limb muscles can be identified by 
expression of the ETS domain proteins PEA3 and ER81. For 
details, see Tsuchida et al . , 1994, Ericson et al . , 1997a, 
Sockanathan and Jessell, 1998, Lin et al . , 1998 and the 
text.(B-O) Expression of MN subtype markers in developing 

35 spinal MNs. Images show el3.5 thoracic spinal cord (B, C,F, 
G) , el2.5 C7/8 level spinal cord (D, E) , and el3 . 5 C7/8 
level spinal cord (H-O) in Hb9 " lslac2 '+ and U m &cZ ^ ^ 
embryos . 



(B, C) Choline Acetvltransf erase (ChAT, generic MN marker) 
expression detected by in situ hybridization. Arrows in (B) 
point to medial populations of visceral MNs . 

(D, E) -Gal cells (red) coexpress Isl2 (green; a somatic 
MN-specific marker at this stage) . The number - of Isl2 cells 
is similar in Hb9 nLsiacZ ^ and nbpnisiacz/nisiacz embryos examined at 
el2.5. By el3.5, the number of Isl2 cells in mutants is, 
however, reduced by -4 0% compared to heterozygote embryos 

(data not shown) . 

(F, G) NADPH-diaphorase enzyme activity in visceral MNs. In 
heterozygous Hb9 nLsiacZ embryos, both lateral (1) and medial 

(m) populations of NADPH diaphorase neurons are present (F) . 
In homozygous Hb9 nlsiacZ embryos, NADPH-diaphorase expression 
Is" absent - -f rom-medial r-regxons- of— -the—intermediate- zone- — (G) — 
although many cells in this region still express lacZ (data 
not shown) . 

(H, I) Coexpression of Lim3 (green) and -Gal (red) 
delineates the medial MMC in heterozygous Hb9 nlslacZ embryos 

(H) , Lim3, -Gal cells in homozygous Hb *fl siacZ embryos are not 
restricted to the region of the medial MMC (I) . 

(J, K) In situ hybridization analysis of RALDH2 expression- 
delineates LMC neurons (J). There is a marked reduction of 
RALDH2 expression in homozygous Hb9 nlslacZ embryos (K) . 

(L, M) Coexpression of Isl2 (red) and Liml/2 (green) 
delineates lateral LMC neurons (It) . There is a marked 
reduction of Isl2, Liml cells in homozygous Hb9 nlstac2 embryos 

(M) . 

(N, O) PEA3 expression (green; motor pool marker) by 
pectoralis MNs (N) is severely reduced in homozygous Hb9 ntslac;Z 
embryos (O) . PEA3 expression by DRG neurons (arrows) is not 
affected in homozygous Hb9 nislacZ embryos. 

Figure 20* Defects in Motor Axon Projections in Hb9 Mutant 
Mice . 

(A-D) Whole mount -Gal staining of Hh t? u{acZ embryos. 
(A-C) Perturbation in motor axon projections in ell. 5 
Hb9 tauiacz^tauiacz embryos (B, C) , when compared with the axonal 



projection pattern observed in Hb9 taulacZ/f * embryos (A) . Arrows 
point to the hypoglossal nerve which is absent or rnisrouted 
in some mutants (B) but present (C) in others. Asterisk in 
C indicates expanded plexus region at the base of the 
forelimb. 

(D) Dorsal (d) and ventral (v) motor axon branches in the 
hindlimb of a el2 . 5 H b9 taulacZ/tauiacZ embryo. Note -Gal labeling 
in the zone of polarizing activity (zpa) of the developing 
limb. 

(E-H) Analysis of peripheral pro j ect ions of motor axons in 
sections of el2.5 Hb9 ta ^ c ^ + (E, F) and uh^^^ taun ^ c (G , H) 
embryos. Double label immunocytochemical detection of myc- 
labeled (red) axons projecting towards skeletal muscles ( - 
~ac tTilliTi^l"ab"el~e"d7 ~* green)T -Axial — muscle— nerve- -branches —are — 
indicated (arrows, a) . Star indicates the expansion of the 
axial nerve branch point (H) . The dorsally (d) and 
vent rally (v) directed branches of motor axons in the limb 
are evident in Hb9 heterozygous (E) and homozygous (G) 
mutant embryos 

(I-Ij) Analysis of innervation of diaphragm muscle of post- 
natal day 0 wild type (I , K) and homozygous Hb9 nlslacZ (J, L) 
mice . 

(I, J) Whole -mount -bungarotoxin ( -BTX) staining shows the 
presence of AChR clusters localized in a tight band in the 
diaphragm of wild type embryos (I) and a scattered 
distribution of AChR clusters over a larger region of the 
diaphragm muscle in homozygous Hb9 nislac2 embryos (J) . 

(K, L) Double label immunocytochemical detection of GAP43- 
labeled axons and nerve terminals (green) and 
bungarotoxin- labeled AChR clusters (red) . Transverse section 
through the diaphragm reveals the coincidence (yellow 
patches) of GAP43 and -bungarotoxin labeling in wild- type 
muscle (K) and the lack of coincidence of label in 
homozygous Hb9 nlslacZ embryos (L) . 

Figure 21. Functions of HB9 in the Differentiation of Post- 
Mi totic Motor Neurons. 

Proposed functions of HB9 in post-mitotic MNs . Red arrows 



highlight the steps in MN differentiation that appear to be 
controlled by HB9 . HB9 appears to have two main, and 
possibly interrelated, functions. First HB9 is normally 
required for the rapid down- regulation of Lim3 (and Gsh4) 
from most post-mitotic MNs , which "in turn appears to" prevent" 
expression of the V2 interneuron marker ChxlO . One exception 
to this function of HB9 is in the context of medial MMC 
neurons, where Lim3 and Gsh4 expression persists in MNs for 
a prolonged period, even in wild-type embryos (Tsuchida et 
al., 1994; Sharma et al . , 1998). Thus, medial MMC neurons 
appear to be subject to distinct regulatory controls on the 
timing of Lim3/Gsh4 expression and by inference, on the 
suppression of V2 interneuron character . Second, HB9 is 
~~ requi" red— f or- the -maintenance- -of - -I-s-1-1 — expression- in-post^ 
mitotic MNs. A negative autoregulatory activity of HB9 is 
also shown and is indicated as a direct interaction, 
although it may be mediated indirectly. Approximate timing 
of cell cycle exit with respect to homeodomain protein 
expression is indicated. HB9 is also required, directly or 
indirectly, for the efficient establishment of the class, 
columnar, divisional and pool identities of spinal MNs. 
Dashed lines indicate that the erosion of MN subtype 
identity could reflect a direct action of HB9, the loss of 
expression of proteins such as Isll that normally serve a 
positive function in MN differentiation, or the ectopic 
expression of interneuron markers such as ChxlO, or from a 
combination of these events. Proteins indicated in grey 
delineate markers of MN subtype identity that are affected 
in Hb9 mutants. Shh : Sonic hedgehog, an inductive signal 
required for motor neuron generation and HB9 expressoin. 
For further details, see text . 

Fig. 22. HB9 is transiently expressed in the early 
developing pancreatic anlagen but reappears in insulin 
producing -cells. ( a-f ) HB9 and IPF1/PDX1 expression in 
pancreatic rudiments between stage e8-el0.5. (a) HB9 is 
expressed in both dorsal and ventral pancreatic epithelia in 
8-10 somites stage embryos (e8) , whereas (b) IPF1/PDX1 



expression is only detected in the ventral pancreatic 
epithelium at this stage. Note that HB9 is also expressed in 
the notochord at this stage (indicated by the arrow) . ( c , d ) 
By e9.5, HB9 and IPFl/PDXl expression can be detected in 
both pancreatic buds although HB9 expression is expressed at 
a low level, (e) In elO.5 embryos the ventral HB9 expression 
is virtually absent and only very low levels of HB9 
expression can be detected in the dorsal bud. (f) In 
contrast, IPFl/PDXl expression is still expressed in both 
pancreatic buds, ( g-i ) Double immunohistochemical analysis 
of el7.5 pancreas using anti-HB9 and anti-insulin (3), anti- 
glucagon (h) or anti-somatostatin (i) antibodies. At this 
stage HB9 expression is restricted to the insulin producing 
"cellsT ~ Abbreviations ~T ~~d~; ~ dors^r~p~ancre"atic "epithelium ;~ v— 
ventral pancreatic epithelium. 

Fig. 23. Hb9 deficient mice lack the dorsal pancreas. ( a,b ) 
The pancreatic region of el7.5 (a) and el3.5 (b) Hb9 nLslacZ 
heterozyogous and homozygous littermates demonstrating the 
loss of dorsal pancreatic epithelium whereas the ventral 
pancreas, dorsal mesenchyme and spleen develops in 
homozygous mutant embryos. ( c-i ) The development of the 
dorsal pancreas is arrested before the stage of epithelial 
evagination in Hb9 nlslacZ homozygous embryos. ( c-i ) X-gal 
staining or IPFl/PDXl immunohistochemistry of whole-mount 
and transversal cryostat sections of e9.5-10.5 heterozygous 
and homozygous embryos, ( c, d ) Whole-mount X-gal staining of 
e9.5 embryos shows that the protruding, dorsal pancreatic 
bud can be detected in the heterozygous embryos whereas no 
equivalent structure is found in the homozygous embryos, 
( e, f ) Immunohistochemical analysis of heterozygous and 
homozygous e9.5 embryos demonstrates the absence of 
IPFl/PDXl expression in the presumptive dorsal pancreatic 
epithelium of homozygous embryos, ( a-i ) X-gal staining of 
elO.5 embryos showing that at this stage the ventral bud has 
formed in both the heterozygous and homozygous embryos 
whereas there is no evidence of a dorsal pancreatic bud in 
homozygous embryos. Note that lacZ activity still can be 
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readily detected in both buds at this stage although, when 
analysed immunohistochemically using anti-HB9 antibodies, 
HB9 protein expression is barely detectable at this stage 
(see Fig. le for comparison) . This is probably due to a 
combination of high sensitivity when staining for lacZ 
activity as compared to using antibodies, together with the 
persistence of -galactosidase protein. No lacZ activity is 
detected in the notochord at this stage. Abbreviations: s, 
. stomach; d, duodenum; sp, spleen; dp, dorsal pancreas; vp, 
ventral pancreas; MN, motor neurons. (Arrowhead indicates 
dorsal pancreatic bud.) 

Fig- 24. Early pancreatic cell differentiation of the dorsal 

— Bucl~~~is — impaired --in the — Hb9?^ - homozygotes^ (-a^-)- 

I mmunohi s t ochemi c a 1 analyses of e9.5 wild- type (a, c , e) and 
Hb9- tslacZ homozygous ( b, d, f ) embryos using anti-Isl-1 ( a , b ) , 
anti-Nkx2.2 antibodies ( c.d ) and ant i -glucagon (e, f ) 
antibodies. None of these early pancreatic markers is 
detected in the dorsal pancreatic epithelium. ( g-1 ) Shh 
( q ,h ) and Ihh expression is unaffected in"e9.5 Hb9 nlstacZ 

homozygotes ( h, i ) as compared to stage-matched wild-type 
littermates ( g, i ) . The broken line indicates the pancreatic 
buds 

Fig- 25. The ventral pancreas of Hb9 deficient mice exhibit 
a perturbed islet cell organisation with immature -cells, 
( a-i ) Immunohistochemical analysis of pancreatic marker 
expression in the ventral pancreas derived from a wild- type 
( a.c.e,q,i ) and Hb9 nlsLacZ homozygous (b.d. f ,h,i) neonates. 
Both endocrine and exocrine cells appear as shown by the 
presence of ( a-d,q,h ) insulin*, -fa-rb) glucagoh , (c f d) 
somatostatin*, and terf ) amylase* cells but the endocrine 
cells fail to organise themselves into the typical structure 
of maturing islets, ( g-i ) The insulin-positive cells present 
in the ventral bud of Hb9 nlslacZ homozygous express IPF1/PDX1 
but not Glut2 indicating that they are not terminally 
differentiated. 
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Detailed Description of the Invention 



The following standard abbreviations are used throughout the 
specification to indicate specific nucleotides: 

C=cytosine 
A=adenosine 
T=thymidine 
G=guanosine 

This invention provides an isolated nucleic molecule 
encoding a motor neuron restricted pattern, MNR2 , protein. 
In an embodiment the isolated nucleic molecule encoding a 

motor- -neuron— res trie ted_ -pattern, MNR2_, pr.o.tein_ is__a_DNA 

molecule. In another embodiment the isolated nucleic acid 
molecule encoding a motor neuron restricted pattern, MNR2 , 
protein is a cDNA molecule. In a further embodiment the 
isolated DNA molecule encoding a motor neuron restricted 
pattern, MNR2, protein is a RNA molecule. In an embodiment 
the isolated nucleic acid molecule encoding a motor neuron 
restricted pattern is operatively linked to a promoter of 
RNA transcription. 

The DNA molecules of the subject invention also include DNA 
molecules coding for polypeptide analogs, fragments or 
derivatives of antigenic polypeptides which differ from 
naturally-occurring forms in terms of the identity or 
location of one or more amino acid residues (deletion 
analogs containing less than all of the residues specified 
for the protein, substitution analogs wherein one or more 
residues specified are replaced by other residues and 
addition analogs where in one or more amino acid residues is 
added to a terminal or medial portion of the polypeptides) 
and which share some or all properties of naturally- 
occurring forms. These molecules include: the incorporation 
of codons "preferred" for expression by selected non- 
mammalian hosts; the provision of sites for cleavage by 
restriction endonuclease enzymes; and the provision of 
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additional initial, terminal or intermediate DNA sequences 
that facilitate construction of readily- expressed vectors. 

The DNA -molecules - described- and claimed -herein are useful 
for the information which they provide concerning the amino 
acid sequence of the . polypeptide , MNR2 , and as products for 
the large scale synthesis of the polypeptide MNR2 , or 
fragments thereof, by a variety of recombinant techniques. 
The DNA molecule is useful for generating new cloning and 
expression vectors, transformed and transfected prokaryotic 
and eukaryotic host cells, and new and useful methods for 
cultured growth of such host cells capable of expression of 
t he polypeptide MNR2 or portions, thereof a nd relat ed 
products. 

In another embodiment the isolated nucleic acid molecule 
which is a cDNA molecule which, encoding a motor neuron 
restricted pattern MNR2 protein, encodes a chick MNR2 
protein. In another embodiment the isolated nucleic acid 
molecule is a cDNA molecule wherein the nucleic acid 
molecule encodes a chick MNR2 protein comprising the amino 
acid sequence set forth in SEQ ID NO: 1. In a further 
embodiment the isolated nucleic acid molecule is a cDNA 
molecule wherein the nucleic acid molecule encodes a 
mammalian MNR2 protein. In an embodiment the isolated 
nucleic acid molecule is a cDNA molecule wherein the nucleic 
acid molecule encodes a mammalian MNR2 protein which is a 
mouse, rat or human protein. In an embodiment the isolated 
nucleic acid molecule is a cDNA molecule, which comprises 
the nucleic acid sequence set forth in SEQ ID NO:, 2. 

This invention provides a vector which comprises the 
isolated nucleic acid encoding a motor neuron restricted 
pattern, MNR2 , protein operatively linked to a promoter of 
RNA transcription. In an embodiment a plasmid comprises the 
vector which comprises the isolated nucleic acid encoding a 
motor neuron restricted pattern, MNR2 , protein. In another 



embodiment the plasmid, which comprises the vector which 
comprises the isolated nucleic acid encoding a chick motor 
neuron restricted pattern, pMNR2 , protein, is designated 
pMNR2 . 



In an embodiment, a full-length cDNA nucleic acid molecule 
encoding a MNR2 protein is inserted into a pcs2 + plasmid and 
the resulting plasmid is designated as pcs2 + MNR2 . The 
plasmid is with ampicillin resistance and 1.2 kilobase 
insert is releasable by cleavage with Clal restriction 
endonuclease . Plasmid pcs2*MNR2 was deposited on September 
28, 1998 with the American Type Culture Collection (ATCC) , 
10801 University Boulevard, Manassas, VA 20110-2209, U.S.A. 

_under___ the provisions of _ _the Budapest ^Treaty for the 

International Recognition of the Deposit of Microorganisms 
for the Purposes of Patent Procedure. Plasmid pcs2 + MNR2 was 
accorded ATCC Accession Number 203294. 

Numerous vectors for expressing the inventive proteins may 
be employed. Such vectors, including plasmid vectors, 
cosmid vectors, bacteriophage vectors and other viruses, are 
well known in the art. For example, one class of vectors 
utilizes DNA elements which are derived from animal viruses 
such as bovine papilloma virus, polyoma virus, adenovirus, 
vaccinia virus, baculovirus, retroviruses (RSV, MMTV or 
MoMLV) , Semliki Forest virus or SV40 virus. Additionally, 
cells which have stably integrated the DNA into their 
chromosomes may be selected by introducing one or more 
markers which allow for the selection of transfected host 
cells. The markers may provide, for example, prototrophy to 
an auxotrophic host, biocide resistance or resistance to 
heavy metals such as copper. The selectable marker gene can 
be either directly linked to the DNA sequences to be 
expressed, or introduced into the same cell by 
cotransf ormation . 

Regulatory elements required for expression include promoter 
sequences to bind RNA polymerase and transcription 



initiation sequences for ribosome binding. Additional 
elements may also be needed for optimal synthesis of mRNA . 
These additional elements may include splice signals, as 
well as enhancers and termination signals. For example, a 
bacterial expression -vector includes a -promoter such as the- 
lac promoter and for transcription initiation the Shine- 
Dalgarno sequence and the start codon AUG. Similarly, a 
eukaryotic expression vector includes a heterologous or 
homologous promoter for RNA polymerase II, a downstream 
polyadenylation signal, the start codon AUG, and a 
termination codon for detachment of the ribosome. Such 
vectors may be obtained commercially or assembled from the 
sequences described by methods well known in the art, for 
exampl e the metho ds described above for con st ruc ting vectors 
in general . 

These vectors may be introduced into a suitable host cell to 
form a host vector system for producing the inventive 
proteins. Methods of making host vector systems are well 
known to those skilled in the art. 

Methods of introducing nucleiic acid molecules into cells are 
well known to those of skill in the art. Such methods 
include, for example, the use of viral vectors and calcium 
phosphate co-precipitation . 

The "suitable host cell" in which the nucleic acid molecule 
encoding is MNR2 protein capable of being expressed is any 
cell capable of taking up the nucleic acid molecule and 
stably expressing the MNR2 encoded thereby. 

This invention provides a host cell containing the vector 
which comprises the isolated nucleic acid encoding a motor 
neuron restricted pattern, MNR2, protein. In an embodiment 
the host cell is selected from a group consisting of a 
bacterial cell, a plant cell, an insect cell and a mammalian 
cell . 
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Suitable host cells include, but are not limited to, 
bacterial cells (including gram positive cells) , yeast 
cells, fungal cells, insect cells and animal cells. 
Suitable animal cells include, but are not limited to HeLa 
cells , Cos "ceTIsy _ CVI~~ eel 1 s and various primary mammal iah 
ceils. Numerous mammalian cells may be used as hosts, 
including, but not limited to, the mouse fibroblast cell 
N1H-3T3 cells, CHO cells, HeLa cells, Ltk" cells and COS 
cells. Mammalian cells may be transfected by methods well 
known in the art such as calcium phosphate precipitation, 
electroporat ion and microinjection. 

This invention provides a method of producing a polypeptide 

__hav±ng _the_bio.iogical_ac.tivit_y_of a _mammalian^ MNR2 which. 

comprises growing host cells selected from a group 
consisting of bacterial, plant, insect or mammalian cell, 
under suitable conditions permitting production of the 
polypeptide. In another embodiment of the method of 
producing a polypeptide having the biological activity of a 
mammalian MNR2 the method further comprises of the 
recovering the produced polypeptide. 

This invention provides an isolated nucleic acid molecule of 
at least 15 contiguous nucleotides capable of specifically 
hybridizing with a unique sequence included within the 
sequence of the nucleic acid molecule encoding a motor 
neuron restricted pattern, MNR2 , protein. In an embodiment 
the isolated nucleic acid molecule of at least 15 contiguous 
nucleotides capable of specifically hybridizing with a 
unique sequence included within the sequence of the nucleic 
acid molecule encoding a motor neuron restricted pattern, 
MNR2 , protein is a DNA molecule. In another embodiment the 
isolated nucleic acid molecule of at least 15 contiguous 
nucleotides capable of specifically hybridizing with a 
unique sequence included within the sequence of the nucleic 
acid molecule encoding a motor neuron restricted pattern, 
MNR2, protein, is a RNA molecule. 



This invention provides an isolated nucleic acid molecule 
capable of specifically hybridizing with a unique sequence 
included within the sequence of a nucleic acid molecule 
which is complement airy to the nucleic acid molecule encoding 

a motor neuron restricted- -pattern, -MNR2-, — protein In -an . 

embodiment the isolated nucleic acid molecule capable of 
specifically hybridizing with a unique sequence included 
within the sequence of a nucleic acid molecule which is 
complementary to the nucleic acid molecule encoding a motor 
neuron restricted pattern, MNR2 , protein, is a DNA molecule. 
In another embodiment the isolated nucleic acid molecule 
capable of specifically hybridizing with a unique sequence 
included within the sequence of a nucleic acid molecule 
which is complementary to the nucleic acid molecule encoding 
a motor neuron restricted pattern, MNR2 , protein is a RNA 
molecule . 

One of ordinary skill in the art will easily obtain unique 
sequences from the cDNA cloned in the pMNR2 plasmid. Such 
unique sequences may be used as probes to screen various 
mammalian cDNA libraries and genomic DNAs, e.g. mouse, rat 
and bovine, to obtain homologous nucleic acid sequences and 
to screen different cDNA tissue libraries to obtain isoforms 
of the obtained nucleic acid sequences. Nucleic acid probes 
from the cDNA cloned in the pMNR2 plasmid may further be 
used to screen other human tissue cDNA libraries to obtain 
isoforms of the nucleic acid sequences encoding MNR2 protein 
as well as to screen human genomic DNA to obtain the 
analogous nucleic acid sequences-. The homologous nucleic 
acid sequences and isoforms may be used to produce the 
proteins encoded thereby. 

As used herein, "capable of specifically hybridizing" means 
capable of binding to an mRNA molecule encoding a MNR2 but 
not capable of binding to an mRNA molecule encoding a MNR2 
receptor protein. 

This invention provides an antisense oligonucleotide having 



a nucleic acid sequence capable of specifically hybridizing 
to an mRNA molecule encoding a MNR2 protein. In an 
embodiment the antisense oligonucleotide has a nucleic acid 
sequence capable of specifically hybridizing to the isolated 
cDNA mol ecul e ^encoding- a -motor neuron- restricted pattern r 
MNR2 , protein. In an embodiment the antisense 

oligonucleotide has a nucleic acid sequence capable of 
specifically hybridizing to an isolated RNA molecule 
encoding a motor neuron restricted pattern, MNR2 protein. 

This invention provides a purified MNR2 protein. In an 
embodiment the purified MNR2 protein is encoded by an 
isolated nucleic acid encoding a motor neuron restricted 
-pattern _MNR2_ / __ protein . In, another embod iment the MNR2 
protein unique polypeptide fragment of the purified MNR2 
protein. In an embodiment the purified MNR2 protein has 
substantially the same amino acid sequence as set forth in 
SEQ ID NO: 1. In a further embodiment the purified MNR2 
protein having an amino acid sequence as set forth in SEQ 
ID NO: 1. In another embodiment the purified MNR2 protein 
has an amino acid sequence as set forth in SEQ ID NO: 1. In 
a further embodiment, the MNR2 protein is a vertebrate MNR2 
protein. In an embodiment the purified vertebrate MNR2 
protein having an amino acid sequence as set forth in SEQ ID 
NO: 12 is a chick, mouse or rat MNR2 protein. 

As used herein, an MNR2 protein having "substantially the 
same" amino acid sequences as set forth in SEQ ID NO: 1 is 
encoded by a nucleic acid encoding MNR2 , said nucleic acid 
having 100% identity in the homeodomain regions, that is 
those regions coding the protein, and said nucleic acid may 
vary in the nucleotides in the non-coding regions. 

This invention provides a monoclonal antibody directed to an 
epitope of an MNR2 protein. In an embodiment the monoclonal 
antibody is directed to a chick, mouse or rat MNR2 protein. 

This invention provides a polyclonal antibody directed to an 



epitope of the purified MNR2 protein having the amino 
sequence as set forth in SEQ ID No: 1. In a further 
embodiment the monoclonal or polyclonal antibodies are 
directed to the MNR2 protein, having the amino sequence as 
— set "forth ~in~s:EQ ID NO: 

Polyclonal antibodies may be produced by injecting a host 
animal such as rabbit, rat, goat, mouse or other animal with 
the immunogen of this invention, e.g. a purified mammalian 
MNR2 protein or a purified human MNR2 protein. The sera are 
extracted from the host animal and are screened to obtain 
polyclonal antibodies which are specific to the immunogen. 
Methods of screening for polyclonal antibodies are well 
—known- -to— those— of — ordinary- skill -in^the^ar.t _s.uch_ _as_Jt.hose_ 
disclosed in Harlow & Lane, Antibodies: A Laboratory Manual , 
(Cold Spring Harbor Laboratories, Cold Spring Harbor, NY: 
1988) the contents of which are hereby incorporated by 
reference . 

The monoclonal antibodies may be produced by immunizing for 
example, mice with an immunogen. The mice are inoculated 
intraperitoneally with an immunogenic amount of the above- 
described immunogen and then boosted with similar amounts of 
the immunogen. Spleens are collected from the immunized mice 
a few days after the final boost and a cell suspension is 
prepared from the spleens for use in the fusion. 

Hybridomas may be prepared from the splenocytes and a murine 
tumor partner using the general somatic cell hybridization 
technique of Kohler, B. and Milstein, C. , Nature (1975) 256 : 
495-497. Available murine myeloma lines, such as those from 
the American Type Culture Collection (ATCC) 12301 Parklawn 
Drive, Rockville, MD 20852 USA, may be used in the 
hybridization. Basically, the technique involves fusing the 
tumor cells and splenocytes using a fusogen such as 
polyethylene glycol. After the fusion the cells are 
separated from the fusion medium and grown in a selective 
growth medium, such as HAT medium, to eliminate unhybridized 
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parent cells. The hybridomas may be expanded, if desired, 
and supernatant s may be assayed by conventional immunoassay 
procedures, for example radioimmunoassay, using the 
immunizing agent as antigen. Positive clones may be 
5 character i'zed"™" furtfier to dete rmine whether they meet t he" 
criteria of the invention antibodies. 

Hybridomas that produce such antibodies may be grown in 
vitro or in vivo using known procedures . The monoclonal 

10 antibodies may be isolated from the culture media or body 
fluids, as the case may be, by conventional immunoglobulin 
purification procedures such as ammonium sulfate 
precipitation, gel electrophoresis, dialysis, 
— chroma t ography, — and— ul t raf 11 t rat ion-, — i f _de s ired _ _ 

15 

In the practice of the subject invention any of the above- 
described antibodies may be labeled with a detectable 
marker. In one embodiment, the labeled antibody is a 
purified labeled antibody. As used in the subject 

20 invention, the term "antibody" includes, but is not limited 
to, both naturally occurring and non-naturally occurring 
antibodies. Specifically, the term "antibody" includes 
polyclonal and monoclonal antibodies, and binding fragments 
thereof. Furthermore, the term "antibody" includes chimeric 

2 5 antibodies and wholly synthetic antibodies, and fragments 
thereof . 

Furthermore, the term "antibody" includes chimeric 
antibodies and wholly synthetic antibodies, and fragments 

30 thereof. A "detectable moiety" which functions as detectable 
labels are well known to those of ordinary skill in the art 
and include, but are not limited to, a fluorescent label, a 
radioactive atom, a paramagnetic ion, biotin, a 
chemi luminescent label or a label which may be detected 

35 through a secondary enzymatic or binding step. The 
secondary enzymatic or binding step may comprise the use of 
digoxigenin, alkaline phosphatase, horseradish peroxidase, 
S-galactosidase, fluorescein or steptavidin/biotin . Methods 



of labeling antibodies are well known in the art. 



Determining whether the antibody forms such a complex may be 
accomplished according to methods well known to those 
"skilled in "the art. ~lri the preferred embodiment^ t he- 
determining is accomplished according to flow cytometry 
methods . 

The antibody may be bound to an insoluble matrix such as 
that used in affinity chromatography. As used in the 
subject invention, isolating the cells which form a complex 
with the immobilized monoclonal antibody may be achieved by 
standard methods well known to those skilled in the art. 
-For-examp-l-e-,— -i sola-ting -may- 'compr.i se^ af f inity^chromajt ography 
using immobilized antibody. 

Alternatively, the antibody may be a free antibody. In this 
case, isolating may comprise cell sorting using free, 
labeled primary or secondary antibodies. Such cell sorting 
methods are standard and are well known to those skilled in 
the art. 

The labeled antibody may be a polyclonal or monoclonal 
antibody. In one embodiment, the labeled antibody is a 
purified labeled antibody. The term "antibody" includes, by 
way of example, both naturally occurring and non-naturally 
occurring antibodies. Specifically, the term "antibody" 
includes polyclonal and monoclonal antibodies, and fragments 
thereof. Furthermore, the term "antibody" includes chimeric 
antibodies and wholly synthetic antibodies, and fragments 
thereof. The detectable marker may be, for example, 
radioactive or fluorescent. Methods of labeling antibodies 
are well known in the art. 

This invention provides a method of inducing differentiation 
of somatic motor neurons which comprises expressing MNR2 
protein in any neural progenitor cells. In an embodiment of 
the method, expression of MNR2 protein induces expression of 
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transcription factors Isl2, Lim 3 and HB9 . In a further 
embodiment of the method of inducing differentiation of 
somatic motor neurons the neural progenitor cells are spinal 
cord or hindbrain motor neuron progenitor cells. 



10 



30 



This invention provides a transgenic nonhuman mammal which 
comprises an isolated nucleic acid, including a motor neuron 
restriction pattern, MNR2 protein, which is a DNA molecule. 
In an embodiment of the transgenic nonhuman mammal the 'DNA 
encoding a MNR2 protein is operatively linked to tissue 
specific regulatory elements. 



This invention provides a method of determining 

physiological— ef-fects -of--expressing^vary-ing-aevels_of__MNR2_ 

15 protein in a transgenic nonhuman mammal which comprises 
producing a panel of transgenic nonhuman animals, each 
nonhuman mammal expressing a different amount of MNR2 
protein . 

20 This invention provides a method of producing isolated 
purified MNR2 protein which comprises: a) inserting a 
nucleic acid molecule encoding an MNR2 protein into a 
suitable vector; b) introducing the resulting vector into a 
suitable host cell; c) selecting the introduced host cell 

25 for the expression of the MNR2 protein; d) culturing the 
selected cell to produce the MNR2 protein; and e) recovering 
the MNR2 protein produced. 



This invention provides a method of inducing differentiation 
of somatic motor neurons in a subject comprising 
administering to the subject the purified MNR2 protein in an 
amount effective to induce differentiation of somatic motor 
neurons in the subject. In an embodiment, a functionally 
equivalent analog of MNR2 is administered to the subject. 
35 In an embodiment of the method of inducing differentiation 
of somatic motor neurons in a subject comprising 
administering to the subject the purified MNR2 protein in an 
amount effective to induce differentiation of somatic motor 
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neurons in the subject, the subject is a mammal. In another 
embodiment of the above-described method of inducing 
differentiation of somatic motor neurons in a subject, the 
subject is a chick, mouse, rat or human. 

As used herein, "subject" means any animal or artificially 
modified animal. Artificially modified animals include, but 
are not limited to, SCID mice with human immune systems. In 
the preferred embodiment, the subject is a human. 

10 

This invention provides a pharmaceutical composition 
comprising a purified MNR2 protein and a pharmaceutically 
acceptable carrier . 



fy 15 The invention also provides a pharmaceutical composition 

P comprising a effective amount of the MNR2 proteins described 

In 

m above and a pharmaceutically acceptable carrier. In the 

fy subject invention an "effective amount" is any amount of 

JL above -described MNR2 proteins which, when administered to a 

!j 2 0 subject suffering from a disease or abnormality against 

FU which the proteins are determined to be potentially 

JX therapeutic, are effective, causes reduction, remission, or 

M= regression of the disease or abnormality. In the practice 

of this invention the "pharmaceutically acceptable carrier" 
25 is any physiological carrier known to those of ordinary 

skill in the art useful in formulating pharmaceutical 

compositions . 

In one preferred embodiment the pharmaceutical carrier may 
30 be a liquid and the pharmaceutical composition would be in 
the form of a solution. In another equally preferred 
embodiment, the pharmaceutically acceptable carrier is a 
solid and the composition is in the form of a powder or 
tablet. In a further embodiment, the pharmaceutical carrier 
3 5 is a gel and the composition is in the form of a suppository 
or cream. In a further embodiment the compound may be 
formulated as a part of a pharmaceutically acceptable 
transdermal patch. 
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A solid carrier can include one or more substances which may 
also act as flavoring agents, lubricants, solubilizers , 
suspending agents, fillers, glidants, compression aids, 
binders or tablet -disintegrating agents; it can also be an 
'encapsulating" material . In" powder s7™ the" carrierls a finely 
divided solid which is in admixture with the finely divided 
active ingredient. In tablets, the active ingredient is 
mixed with a carrier having the necessary compression 
properties in suitable proportions and compacted in the 
shape and size desired. The powders and tablets preferably 
contain up to 99% of the active ingredient. Suitable solid 
carriers include, for example, calcium phosphate, magnesium 
stearate, talc, sugars, lactose, dextrin, starch, gelatin, 
-cellulose.,, -polyvinylpyrrol idine.,. _.l.o-w__mel.t.ing._waxes. _and__ion _ 
exchange resins. 

Liquid carriers are used in preparing solutions, 
suspensions, emulsions, syrups, elixirs and pressurized 
compositions. The active ingredient can be dissolved .or 
suspended in a pharmaceutically acceptable liquid carrier 
such as water, an organic solvent, a mixture of both or 
pharmaceutically acceptable oils or fats. The liquid 
carrier can contain other suitable pharmaceutical additives 
such as solubilizers, emulsifiers, buffers, preservatives, 
sweeteners, flavoring agents, suspending agents, thickening 
agents, colors, viscosity regulators, stabilizers or osmo- 
regulators. Suitable examples of liquid carriers for oral 
and parenteral administration include water (partially 
containing additives as above, e.g. cellulose derivatives, 
preferably sodium carboxymethyl cellulose solution) , 
alcohols (including monohydric alcohols and polyhydric 
alcohols, e.g. glycols) and their derivatives, and oils 
(e.g. fractionated coconut oil and arachis oil). For 
parenteral administration, the carrier can also be an oily 
ester such as ethyl oleate and isopropyl myristate. Sterile 
liquid carriers are useful in sterile liquid form 
compositions for parenteral administration. The liquid 
carrier for pressurized compositions can be halogenated 



hydrocarbon or other pharmaceutical^ acceptable propellent. 



Liquid pharmaceutical compositions which are sterile 
soluti ons or suspensions can be utilized by^ for ex ampl e, 
intramuscular, intrathecal/ epidural, intraperitoneal or 
subcutaneous injection . Sterile solutions can also be 
administered intravenously. The compounds may be prepared 
as a sterile solid composition which may be dissolved or 
suspended at the time of administration using sterile water, 
saline, or other appropriate sterile injectable medium. 
Carriers are intended to include necessary and inert 
binders, suspending agents, lubricants, flavorants, 
sweeteners, preservatives, dyes, and coatings. 



The above described pharmaceutical composition comprising 
MNR2 protein can be administered orally in the form of a 
sterile solution or suspension containing other solutes or 
suspending agents, for example, enough saline or glucose to 
make the solution isotonic, bile salts, acacia, gelatin, 
sorbitan monoleate, polysorbate 80 (oleate esters of 
sorbitol and its anhydrides copolymerized with ethylene 
oxide) and the like. 

The above described pharmaceutical composition comprising 
MNR2 protein can also be administered orally either in 
liquid or solid composition form. Compositions suitable for 
oral administration include solid forms, such as pills, 
capsules, granules, tablets, and powders, and liquid forms, 
such as solutions, syrups, elixirs, and suspensions. Forms 
useful for parenteral administration include sterile 
solutions, emulsions, and suspensions. 

Optimal dosages to be administered may be determined l>y 
those skilled in the art, and will vary with the particular 
above described pharmaceutical composition comprising MNR2 
protein in use, the strength of the preparation, the mode of 
administration, and the advancement of the disease condition 
or abnormality. Additional factors depending on the 



particular subject being treated will result in a need to 
adjust dosages, including subject age, weight, gender, diet, 
and time of administration. 



The subject invention further provides a composition which 
comprises an effective amount of a nucleic acid ms-lec-u-l-e 
encoding MNR2 capable of being expressed in a suitable host 
cell, and a pharmaceutical^ acceptable carrier. 

This invention provides a method for treating a subject 
afflicted with an abnormality associated with a lack of one 
or more normally functioning motor neurons which comprises 
i ntrod ucing an amount of the pharmaceutical composition 
comprising of a purified MNR2 protein 7nd "a"pharraaceut ic^lly- 
acceptable carrier effective to generate somatic motor 
neurons from undifferentiated motor neuron precursor cells 
in the subject, thereby treating the subject afflicted with 
the abnormality associated with the lack of one or more 
normally functioning motor neurons. 

As used herein a "normally functioning motor neuron" is a 
motor neuron that can control muscle contraction and respond 
to sensory input . 

As used herein, administering may be effected or performed 
using any of the various methods known to those skilled in 
the art. The administration may be intravenous, 

intraperitoneal,- intrathecal, intralymphat ical , 

intramuscular, intralesional , parenteral, epidural, 
subcutaneous; by infusion, liposome-mediated delivery, 
aerosol delivery; topical, oral, nasal, anal, ocular or otic 
delivery. 

This invention provides a method of treating a subject 
afflicted with a neurodegenerative disease which comprises 
introducing an amount of the pharmaceutical composition 
which comprises a purified MNR2 protein and a 
pharmaceutical^ acceptable carrier effective to generate 



somatic motor neurons from undifferentiated precursor motor 
neuron cells in the subject, thereby treating the subject 
afflicted with the neurodegenerative disease. In an 
embodiment of the method of treating a subject with a 
neurodegenerative disease which comprises introducing an 
amount of pharmaceutical composition which comprises a 
purified MNR2 protein and a pharmaceutical^ acceptable 
carrier effective to generate somatic motor neurons from 
undifferentiated precursor motor neuron cells in the 
subject, the generation of motor neurons from 
undifferenitated precursor motor neuron cells alleviates a 
chronic neurodegenerative disease. In an embodiment of the 
above-described method of treating a subject afflicted with 
-a -chronic -neurodegenerative disease _wher_e_ the _disease_ is 
spinal muscular atrophy. In a further embodiment the of 
method of treating a subject afflicted with a chronic 
neurodegenerative disease the disease is amyotrophic lateral 
sclerosis (Lou Gehrig's Disease) . 

This invention provides for a method of treating a subject 
afflicted with an acute nervous system injury which • 
comprises introducing an amount of a pharmaceutical 
composition which comprises a purified MNR2 protein and a 
pharmaceutical^ acceptable carrier effective to generate 
motor neurons from undifferentiated precursor motor neuron 
cells in a subject, thereby treating the subject afflicted 
with the acute nervous system injury. 

This invention provides for a method of treating a subject 
afflicted with an acute nervous system injury which 
comprises introducing an amount of pharmaceutical 
composition which comprises a purified MNR2 protein and a 
pharmaceutical^ acceptable carrier effective to generate 
motor neurons from undifferentiated precursor motor neuron 
cells in a subject, wherein the acute nervous system injury 
is localized to a specific central axon which comprises 
surgical implantation of the pharmaceutical compound 
comprising a MNR2 protein and a pharmaceutical^ acceptable 



carrier effective to generate motor neurons from 
undifferentiated precursor motor neuron cells located 
proximal to the specific central axon, so as to alleviate 
the acute nervous system injury localized to a specific 
central axon, thereby treating the subject afflicted with 
the acute nervous system injury. 

This invention provides a method for diagnosing a chronic 
neurodegnerative disease associated with the expression of 
a MNR2 protein in a sample from a subject which comprises: 
a. obtaining DNA from the sample of the subject suffering 
from the chronic neurodegenerative disease; b. performing a 
restriction digest of the DNA with a panel of restriction 
-enzymes ; -c-.- separating -the. resulting_PNA_f ragments__by size 
fractionation; d. contacting the resulting DNA fragments 
with a . nucleic acid probe capable of specifically 
hybridizing with a unique sequence included within the 
sequence of a nucleic acid molecule encoding a MNR2 protein, 
wherein the sequence of a nucleic acid molecule encoding a 
MNR2 protein is linked at a specific break point to a 
specified nucleic acid sequence and labeled with a 
detectable marker; e. detecting labeled bands which have 
hybridized to the nucleic acid probe capable of specifically 
hybridizing with a unique sequence included within the 
sequence of a nucleic acid molecule encoding a MNR2 protein, 
wherein the sequence of a nucleic acid molecule encoding a 
MNR2 protein is linked at a specific break point to a 
specified nucleic acid sequence to create a unique band 
pattern specific to the DNA of subjects suffering from the 
chronic neurodegenerative disease; f . preparing DNA obtained 
from a sample of a subject for diagnosis by steps (a-e) ; and 
g. comparing the detected band pattern specific to the DNA 
obtained from a sample of subjects suffering from the 
chronic neurodegenerative disease from step (e) and the DNA 
obtained from a sample of the subject for diagnosis from 
step (f) to determine whether the patterns are the same or 
different and to diagnose thereby predisposition to the 
chronic neurodegenerative disease if the patterns are the 
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same 



This invention provides a method for diagnosing a chrome 
neurodegenerative disease associated, with the expression of 
a MNR2 protein in a sample from a subject which composes , 
a obtaining RNA from the sample of the subject suffering 
from chronic neurodegenerative disease; b. separating the 
KH* sample by size fractionation; c. contacting the 
resulting RNA species with a nucleic acid probe capable of 
specifically hybridizing with a unique sequence included 
within the sequence of a nucleic acid molecule encoding a 
MHR2 protein, wherein the sequence of a nucleic acid 
molecule encoding a MNR2 protein is linked at a -P-~'« 
"brelk P oint-to Vspeciii-ed- nucleic "acid- sequence and labeled _ 
with a detectable marker; d. detecting labeled bands which 
have hybridized to the RNA species to create a unique band 
pattern specific to the RNA of subjects suffering from the 
clonic neurodegenerative disease; f . preparing RNA obtained 
£ rom a sample of a subject for diagnosis by steps U-dW and 
g comparing the detected band pattern specific to the RNA 
"obtained from a sample of subjects J™ ^ 

chronic neurodegenerative disease from step (d) and the RNA 
ootained from a sample of the subject for diagnosis from 
step (f) to determine whether the patterns are the same or 
dif ferent and to diagnose thereby . predisposition to the 
chronic neurodegenerative disease if the patterns are the 
same . 

This invention provides a functionally equivalent analog of 
™r 2 that induces MNR2 differentiation of neural progenxtor 

cells . 

This invention provides a functionally equivalent ana lo^of 
^2 that prevents MNR2 differentiation of neural progenitor 

cells . 

This invention provides a method of treating a subject 
This inve t- „„ nar . riicease which comprises 

afflicted with a neuromuscular disease 
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introducing an amount of a pharmaceutical composition 
comprising a purified MNR2 protein and a pharmaceut ically 
acceptable carrier effective to activate acetylcholine to 

activate muscle cells. 



in order to facilitate an understanding of the Experimental 
Details section which follows, certain frequently occurring 
methods and/or terms are best described in Sambrook, et 
al . (1989) . 

This invention will be better understood from the 
Experimental Details which follow. However, one skilled m 
the art will readily appreciate that the specific methods 
-and _res.uit s discussed are merely illustrative^ _of the 
invention as described more fully in the claims-which follow- 
thereafter. 

This invention provides an isolated nucleic molecule 
encoding a homeobox, HB9, protein. In an embodiment the 
isolated nucleic molecule encoding a homeobox HB9, protein 
is a DNA molecule. In another embodiment the isolated 
nucleic acid molecule encoding a homeobox, HB9, protein is 
a cDNA molecule. In a further embodiment the isolated DNA 
molecule encoding a homeobox, HB9, protein is a RNA 
molecule. In an embodiment the isolated nucleic acid 
molecule encoding a motor neuron restricted pattern is 
operatives linked to a promoter of RNA transcription. 

The DNA molecules of the subject invention also include DNA 
molecules coding for polypeptide analogs, fragments or 
derivatives of antigenic polypeptides which differ from 
naturally-occurring forms in terms of the identity or 
location of one or more amino acid residues (deletion 
analogs containing less than all of the residues specif iea 
35 for the protein, substitution analogs wherein one or more 
residues specified are replaced by other residues and 
addition analogs where in one or more amino acid residues is 
added to a terminal or medial portion of the polypeptides) 
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and which share some or all properties of naturally- 
occurring forms. These molecules include: the incorporat ion 
of codons "preferred" for expression by selected non- 
kalian hosts; the provision of sites for cleavage by 
restriction endonuclease enzymes; -and the provision of 
additional initial, terminal or intermediate DNA sequences 
that facilitate construction of readily expressed vectors. 



The DNA molecules described and claimed herein are useful 
for the information which they provide concerning the ammo 
acid sequence of the polypeptide, HB9, and as products for 
the large scale synthesis of the polypeptide HB9, or 
■ f ragment-s-t-hereof.,- by _a_ variety, of recombinant . technxques^ 
The DNA molecule is useful for generating new cloning and 
expression vectors, transformed and transfected prokaryotxc 
and eukaryotic host cells, and new and useful methods for 
cultured growth of such host cells capable of expressxon of 
the polypeptide HB9 or portions thereof and related 
products. 

I» another embodiment the isolated nucleic acid molecule 
which is a cDNA molecule which, encoding a homebox HB9 
protein, encodes a chick HB9 protein. In another embodiment 
Le isolated nucleic acid molecule is a cDNA molecule 
wherein the nucleic acid molecule encodes a chick HB9 
protein comprising the amino acid sequence set forth in SEQ 
ID NO- 3. in a further embodiment the isolated nucleic acid 
molecule is a cDNA molecule wherein the nucleic acid 
molecule encodes a mammalian HB9 protein. In an embodiment 
the isolated nucleic acid molecule is a cDNA molecule 
wherein the nucleic acid molecule encodes a mammalian HE9 
protein which is a mouse, rat or human protein. In an 
Embodiment the isolated nucleic acid molecule is a cDKA 
molecule, which comprises the nucleic acid sequence set 
forth in SEQ ID NO: 4. 



This invention provides a vector which comprises the 
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isolated nucleic acid encoding a motor neuron restricted 
pattern, HB9 , protein operatively linked to a promoter of 
RNA transcription. In an embodiment a plasmid comprises the 
vector which comprises the isolated nucleic acid encoding a 
homeobox HB9 , protein. _In . another embodiment the plasmid, 
which comprises the vector which comprises the isolated 
nucleic acid encoding a chick HB-9 pattern, P HB9 . (SEQ ID 
NO . : 3 ) 

in an embodiment, a full-length cDNA nucleic acid molecule 
encoding a HB9 protein is inserted into a plasmid and the 
resulting plasmid is designated as P HB9 . The plasmid is 
with ampicillin resistance and 1.2 kilobase insert is 
releasable by cleavage withjlal restriction endonuclease . 

Numerous vectors for expressing the inventive proteins may 

be employed. Such vectors, including plasmid vectors, 

cosmid vectors, bacteriophage vectors and other viruses, are 

well known in the art. For example, one class of vectors 

utilizes DNA elements which are derived from animal viruses 

such as bovine papilloma virus, polyoma virus, adenovirus, 

vaccinia virus, baculovirus, retroviruses (RSV, MMTV or 

MoMLV) , Semliki Forest virus or SV40 virus. Additionally, 

cells which have stably integrated the DNA into their 

chromosomes may be selected by introducing one or more 

markers which allow for the selection of transfected host 

cells The markers may provide, for example, prototrophy to 

an auxotrophic host, biocide resistance or resistance to 

heavy metals such as copper. The selectable marker gene can 

be either directly linked to the DNA sequences to be 

^- introduced into the same cell by 

expressed, or introauceu 

cot rans format ion . 

Regulatory elements required for expression include promoter 
35 sequences to bind RNA polymerase and transcription 
initiation sequences for ribosome binding. Additional 
elements may also be needed for optimal synthesis of mRNA. 
These additional elements may include splice signals, as 



20 



25 



30 



10 



-61- 

we ll as enhancers and termination signals. For «•"**••" 
bacterial expression vector includes a promoter such as the 
lac promoter and for transcription initiation the shine 
Dalgarno sequence and the start codon AUG. Similarly, a 
-eSaryotic expression vector includes a heterologous or 
homologous promoter for ^ polymerase II. * -™m 
polyadenylaticn signal, the start codon AUG , and a 
termination codon for detachment of the nbosome Such 
vectors may be obtained commercially or assembled from the 
sequences described by methods well known in the art for 
example the methods described above for constructing vectors 
in general . 

These vectors may be introduced into a suitable host cell to 
5! , Lrm "a~ host ^vector- 'System- tor placing the ,nven, ve 
proteins. Methods of making host vector systems are well 
known to those skilled in the art. 

Methods of introducing nucleic acid molecules into cells are 
well known to those of skill in the art. such methods 

lo use of viral vectors and calcium 

include, for example, the use or 

phosphate co-precipitation. 

The -suitable host cell" in which the nucleic acid molecule 
encoding is HB9 protein capable of being expressed is any 
cell capable of taking up the nucleic acid molecule and 
stably expressing the HB9 encoded thereby. 

. hoot cell containing the vector 
This invention provides a host ceii c = 

30 which comprises the isolated nucleic acid encoding a 
3 nomeobox, protein. In an embodiment the host cell is 

selected from a group consisting of a bacterial cell, 
plant cell, an insect cell and a mammalian cell. 

35 suitable host cells include, but are not »»""»^; 
bacteria! cells (including gram positive cells , yeast 
calls fungal cells. insect cells and animal cells. 
Tuitable animal cells include, but are not limited to 
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cells Cos cells, CV1 cells and various primary mammalian 
cells Numerous mammalian cells may be used as hosts, 
including, but not limited to, the mouse fibroblast cell 
NIH -3T3 cells, CHO cells, HeLa cells, Ltk' cells and COS 
cells Mammalian cells may be transfected by -methods well 
known in the art such as calcium phosphate precipitation, 
electroporation and microinjection. 

This invention provides a method of producing a polypeptide 
having the biological activity of a mammalian HB9 whxch 
comprises growing host cells selected from a group 
consisting of bacterial, plant, insect or mammalian cell, 
under suitable conditions permitting production of the 
- polypept: icie : " - -m-another embodiments _of_ _the_ .method of 
producing a polypeptide having the biological activity of a 
mammalian HB9 the method further comprises of the recovering 
the produced polypeptide. 

This invention provides an isolated nucleic acid molecule of 
at least 15 contiguous nucleotides capable of specifically 
hybridizing with a unique sequence included within the 
sequence of the nucleic acid molecule encoding a homeobox 
HB9 protein. In an embodiment the isolated nucleic acid 
molecule of at least 15 contiguous nucleotides capable of 
specifically hybridizing with a unique sequence included 
within the sequence of the nucleic acid molecule encoding a 
homeobox, HB9, protein is a DNA molecule. In another 
embodiment the isolated nucleic acid molecule of at least 15 
contiguous nucleotides capable of specifically hybridizing 
with a unique sequence included within the sequence of the 
nucleic acid molecule encoding a homebox, HB9, protein, xs 
a RNA molecule. 

This invention provides an isolated nucleic acid molecule 
capable of specifically hybridizing with a unique sequence 
included within the sequence of a nucleic acid molecule 
which is complementary to the nucleic acid molecule encoding 
a homebox, HB9 , protein. In an embodiment the isolated 



nucleic acid molecule capable of specifically hybridizing 
with a unique sequence included within the sequence of a 
nucleic acid molecule which is complementary to the nucleic 
acid molecule encoding a homeobox, HB9, protein, is a DNA 
molecule. In another embodiment the isolated nucleic acid 
molecule capable of specifically hybridizing with a unique 
sequence included within the sequence of a nucleic acid 
molecule which is complementary to the nucleic acid molecule 
encoding a homeobox, HB9, protein is a RNA molecule. 

One of ordinary skill in the art will easily obtain unique 
sequences from the cDNA cloned in the plasmid. Such unique 
sequences may be used as probes to screen various mammalian 
-cDNA- l-i-braries and genomic-DNAs,- .e..g..-mo.us.e, _rat_and_bovine , _ 
to obtain homologous nucleic acid sequences and to screen 
different cDNA tissue libraries to obtain isoforms of the 
obtained nucleic acid sequences. Nucleic acid probes from 
the cDNA cloned in the P HB9 plasmid may further be used to 
screen other human tissue cDNA libraries to obtain isoforms 
of the nucleic acid sequences encoding HB9 protein as well 
as to screen human genomic DNA to obtain the analogous 
nucleic acid sequences. The homologous nucleic acid 
sequences and isoforms may be used to produce the proteins 
encoded thereby. 

As used herein, "capable of specifically hybridizing" means 
capable of binding to an mRNA molecule encoding a HB9 but 
not capable of binding to an mRNA molecule encoding a HB9 
receptor protein. 

This invention provides an antisense oligonucleotide having 
a nucleic acid sequence capable of specifically hybridizing 
to an mRNA molecule encoding a HB9 _protein. In. an 
embodiment the antisense oligonucleotide has a nucleic acid 
sequence capable of specifically hybridizing to the isolated 
cDNA molecule encoding a homeobox, HB9, protein. In an 
embodiment the antisense oligonucleotide has a nucleic acid 
sequence capable of specifically hybridizing to an isolated 
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RNA molecule encoding a.homeobox, HB9 protein. 

This invention provides a purified HB9 protein. In an 
embodiment the purified HB9 protein is encoded by an 
5 isolated nucleic acid encoding ahomeobox, HB9, protein. In 
another embodiment the HB9 protein unique polypeptide 
fragment of the purified HB9 protein. In an embodiment the 
purified HB9 protein has substantially the same amino acid 
sequence as set forth in SEQ ID NO: 3. In a further 
10 embodiment the purified HB9 protein having a nucleic acid 
sequence as set forth in SEQ ID NO: 4. In another 
embodiment the purified HB9 protein has an amino acid 
sequence as set forth in SEQ ID NO: 3. In a further 
embodiment, the MNR2 protein is a vertebrate HB9 protein. 
" ~i 5 ihTarT enibo^iment - t" henpur i f ied~ vertebrat e HB 9~ protein- having 
an amino acid sequence as set forth in SEQ ID NO: 3 is a 
chick, mouse or rat HB9 protein. 

As used herein, an HB9 protein having "substantially the 
20 same" amino acid sequences as set forth in SEQ ID NO: 3 is 
encoded by a nucleic acid encoding HB9, said nucleic acid 
having 100% identity in the homeodomain regions, that is 
those regions coding the protein, and said nucleic acid may 
vary in the nucleotides in the non-coding regions. 

25 

This invention provides a monoclonal antibody directed to an 
epitope of an HB9 protein. In an embodiment the monoclonal 
antibody is directed to a chick, mouse or rat HB9 protein. 

30 This invention provides a polyclonal antibody directed to an 
epitope of the purified HB9 protein having the amino 
sequence as set forth in SEQ ID No: 3. In a further 
embodiment the monoclonal or • polyclonal antibodies are 
directed to the HB9 protein, having the amino acid sequence 

35 as set forth in SEQ ID NO: 3. 

Polyclonal antibodies may be produced by injecting a host 
animal such as rabbit, rat, goat, mouse or other animal with 



the immunogen of this invention, e.g. a purified mammalian 
HB9 protein or a purified human HB9 protein. The sera are 
extracted from the host animal and are screened to obtain 
polyclonal antibodies which are specific to the immunogen. 
Methods of screening, .for polyclonal antibodies are well 
known to those of ordinary skill in the art such as those 
disclosed in Harlow & Lane, Antibodies: A Laborato ry Manual, 
(Cold Spring Harbor Laboratories, Cold Spring Harbor, NY: 
1988) the contents of which are hereby incorporated by 
reference . 

The monoclonal antibodies may be produced by immunizing for 
example, mice with an immunogen. The mice are inoculated 
intraperitoneal ly with an immunogenic amount of the above- 
described immunogen and then boosted with similar amounts" of '~ 
the immunogen. Spleens are collected from the immunized mice 
a few days after the final boost and a cell suspension is 
p re p are d from the spleens for use in the fusion. 

Hybridomas may be prepared from the splenocytes and a murine 
tumor partner using the general somatic cell hybridization 
technique of Kohler, B. and Milstein, C. , Nature (1975) 256: 
495-497. Available murine myeloma lines, such as those from 
the American Type Culture Collection (ATCC) 123 01 Parklawn 
Drive, Rockville, MD* 20852 USA, may be used in the 
hybridization. Basically, the technique involves fusing the 
tumor cells and splenocytes using a fusogen such as 
polyethylene glycol. After the fusion the cells are 
separated from the fusion medium and grown in a selective 
growth medium, such as HAT medium, to eliminate unhybridized 
parent cells. The hybridomas may be expanded, if desired, 
and supernatants may be assayed by conventional immunoassay 
procedures, for example radioimmunoassay, using the 
immunizing agent as antigen. Positive clones may be 
characterized further to determine whether they meet the 
criteria of the invention antibodies. 



Hybridomas that produce such antibodies may be grown in 



vitro or in vivo using known procedures. The monoclonal 
bodies may be isolated from the culture media or body 
fluids as the case may be, by conventional immunoglobulin 
purification procedures such as ammonium sulfate 
precipitation, gel electrophoresis. dialysis, 

chromatography, and ultrafiltration, if desired. 

in the practice of the subject invention any of the above- 
described antibodies may be labeled with a 
marker In one embodiment, the labeled antibody is a 
Turified labeled antibody. As used in the subject 
invention, the term "antibody" includes, but is not limited 
both- naturally .occurring and non-naturally occurring 
antibodies. Specifically, t^term -antibody- 
polyclonal and monoclonal antibodies, and binding fragments 
thereof. Furthermore, the term "antibody" includes chimeric 
antibodies and wholly synthetic antibodies, and fragments 
thereof . 

Purthermore, the term "antibody includes , Ch *™£° 
antibodies and wholly synthetic antibodies, and fragmen s 
thereof. A "detectable moiety" which functions as 
labels are well known to those of ordinary skill in the art 
and include, but are not limited to, a fluorescent label, a 

radioactive atom, a paramagnetic ion, biotin, a 
radioacti be detecced 

cheroi luminescent label or a laDei 

through a secondary enzymatic or binding step. The 
secondary enzymatic or binding step may ~™ ^^ s f 
digoxigenin, alkaline phosphatase, horseradish peroxidase, 
tgalactosidase, fluorescein or steptavidin/biotin. Methods 
of labeling antibodies are well known in the art. 

' determining whether the antibody forms such a complex may be 
accomplished according to methods well known to those 
billed in the art. In the preferred embodiment, the 
determining is accomplished according to flow cytometry 

methods . 
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The antibody may be bound to an insoluble matrix such as 
that used in affinity chromatography. As used in the 
subject invention, isolating the cells which form a complex 
with the immobilized monoclonal antibody may be achieved by 
standard methods well known to- those skilled in the art. 
For example, isolating may comprise affinity chromatography 
using immobilized antibody. 

Alternatively, the antibody may be a free antibody. In this 
caS e, isolating may comprise cell sorting using free, 
labeled primary or secondary antibodies. Such cell sorting 
methods are standard and are well known to those skilled in 



the art 



The labeled antibody may be a polyclonal or monoclonal 
antibody. In one embodiment, the labeled antibody is a 
purified labeled antibody. The term "antibody" includes, by 
way of example, both naturally occurring and non-natural ly 
occurring antibodies. Specifically, the term "antibody 
includes polyclonal and monoclonal antibodies, and fragments 
thereof. Furthermore, the term "antibody" includes chimeric 
antibodies and wholly synthetic antibodies, and fragments 
thereof The detectable marker may be, for example, 

radioactive or fluorescent. Methods of labeling antibodies 
are well known in the art. 

This invention provides a method of inducing differentiation 
of somatic motor neurons which comprises expressing MNR2 
protein in any neural progenitor cells. In an embodiment of 
the method, expression of HB9 protein induces expression of 
transcription factors Isl2, Lim 3 and HB9 . In a further 
embodiment of the method of inducing differentiation of 
somatic motor, neurons the neural progenitor cells are spinal 
cord or hindbrain motor neuron progenitor cells. 

This invention provides a transgenic nonhuman mammal which 
comprises an isolated nucleic acid, including a motor neuron 
restriction pattern, HB9 protein, which is a DNA molecule. 
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in an embodiment of the transgenic nonhuman mammal the DNA 
encoding a HB9 protein is operatively linked to tissue 
specific regulatory elements. 

This" invention provides . a... method of determining 
physiological effects of expressing varying levels of HB9 
protein in a transgenic nonhuman mammal which comprises 
producing a panel of transgenic nonhuman animals, each 
nonhuman mammal expressing a different amount of HB9 



10 protein, 



This invention provides a method of producing isolated 
purified HB9 protein which comprises: a) inserting a nucleic 
acid molecule encoding an HB 9 protein into a suitable^ 
vector; b) introducing the resulting vector into a suitable 
host cell; c) selecting the introduced host cell for the 
expression of the HB9 protein; d) culturing the selected 
cell to produce the HB9 protein; and e) recovering the HB9 
protein produced. 

This invention provides a method of inducing differentiation 
of somatic motor neurons in a subject comprising 
administering to the subject the purified HB9 protein in an 
amount effective to induce differentiation of somatic motor 
neurons in the subject- In an embodiment, a functionally 
equivalent analog of HB9 is administered to the subject. In 
an embodiment of the method of inducing differentiation of 
somatic motor neurons in a subject comprising administering 
to the subject the purified HB9 protein in an amount 
effective to induce differentiation of somatic motor neurons 
in the subject, the subject is a mammal. In another 
embodiment of the above -described method of inducing 
differentiation of somatic motor neurons in a sublet, the 
subject is a chick, mouse, rat or human. 

As used herein, "subject" means any animal or artificially 
modified animal. Artificially modified animals include, but 
are not limited to, SCID mice with human immune systems. In 



the preferred embodiment, the subject is a human. 

This invention provides a pharmaceutical composition 
comprising a purified HB9 protein and a pharmaceutical^ 

acceptable carrier. 

The invention also provides a pharmaceutica! 
comprising a effective amount of the HB 9 proteins descried 
above and a pharmaceutical^ acceptable carrier. In the 
subject invention an "effective amount" is any amount of 
above -described HB9 proteins which, when adm.nxstered to . 
Object suffering from a disease or abnormality against 
which the proteins are determined to be potentially 
- therapeutic" " ST ef f ect ives -causes-reduction , ..remission, or 
regression of the disease or abnormality. In the practice 
of this invention the "pharmaceutical^ acceptable carrier- 
Is any physiological carrier Known to those of ordinary 
skill in the art useful in formulating pharmaceutical 
compositions. 

in one preferred embodiment the pharmaceutical carrier may 
be a l4id and the pharmaceutical composition would be in 
form of a solution. In another dually preferred 
embodiment, the pharmaceutical^ acce ptable «rr«r^ s a 
so lid and the composition is in the form of a powder or 
tlclet in a further embodiment, the pharmaceutical carrier 
fa gel and the composition is in the form of a suppository 
~ cream In a further embodiment the compound may be 
forlTaTed as a part of a pharmaceutical acceptable 
transdermal patch. 

A solid carrier can include one or more substan ces 
also act as flavoring agents, lubricants, solubilizers. 
also act rillers glidants, compression aids, 

suspending agents, fillers, g 

hinders or tablet -disintegrating ^ 
encapsulating material. In powders, the divided 
divided solid which is in admixture with the finely divi 
tctite ingredient. In tablets, the active ingredient is 



-7.0- 

mixed with a carrier having the necessary compression 
. properties in suitable proportions and compacted in the 
shape and size desired. The powders and tablets preferably 
contain up to 99% of the active ingredient. Suitable solid 
5 carriers include, for example, calcium phosphate,- magnesium - 
stearate, talc, sugars, lactose, dextrin, starch, gelatin, 
cellulose, polyvinylpyrrolidine , low melting waxes and ion 
exchange resins. 

10 Liquid carriers are used in preparing solutions, 
suspensions, emulsions, syrups, elixirs and pressurized 
compositions. The active ingredient can be dissolved or 
suspended in a pharmaceutical^ acceptable liquid carrier 
such ~ as wat er r -an- organic -solvent-, -a._mixtur.e_ _of_ both__or 

15 pharmaceutical ly acceptable oils or fats. The liquid 
carrier can contain other suitable pharmaceutical additives 
such as solubilizers, emulsifiers, buffers, preservatives, 
sweeteners, flavoring agents, suspending agents, thickening 
agents, colors, viscosity regulators, stabilizers or osmo- 

20 regulators. Suitable examples of liquid carriers for oral 
and parenteral administration include water (partially 
containing additives as above, e.g. cellulose derivatives, 
preferably sodium carboxymethyl cellulose solution) , 
alcohols (including monohydric alcohols and polyhydric 

25 alcohols, e.g. glycols) and their derivatives, and oils 
(e.g. fractionated coconut oil and arachis oil). For 
parenteral administration, the carrier can also be an oily 
ester such as ethyl oleate and isopropyl myristate. Sterile 
liquid carriers are useful in sterile liquid form 

30 compositions for parenteral administration. The liquid 
carrier for pressurized compositions can be halogenated 
hydrocarbon or other pharmaceutical^ acceptable propellent. 

Liquid pharmaceutical compositions which are sterile 
35 solutions or suspensions can be utilized by for example, 
intramuscular, intrathecal, epidural, intraperitoneal or 
subcutaneous' injection. Sterile solutions can also be 
administered intravenously. The compounds may be prepared 



as a sterile solid composition which may be dissolved or 
suspended at the time of administration using sterile water, 
saline, or other appropriate sterile injectable medium. 
Carriers are intended to include necessary and inert 
binders", suspending agents/ -lubricants, - -flavor an-t-s , 
sweeteners, preservatives, dyes, and coatings. 

The above described pharmaceutical composition comprising 
HB9 protein can be administered orally in the form of a 
sterile solution or suspension containing other solutes or 
suspending agents, for example, enough saline or glucose to 
make the solution isotonic, bile salts, acacia, gelatin, 
sorbitan monoleate, polysorbate 80 (oleate esters of 
sorbitol - and- -its- -anhydrides^ cop^lyrnerizedL ethylene 
oxide) and the like. 

The above described pharmaceutical composition comprising 
HB9 protein can also be administered orally either in liquid 
or solid composition form. Compositions suitable for oral 
administration include solid forms, such as pills, capsules, 
granules, tablets, and powders, and liquid forms, such as 
solutions, syrups, elixirs, and suspensions. Forms useful 
for parenteral administration include sterile solutions, 
emulsions, and suspensions. 

Optimal dosages to be administered may be determined by 
those skilled in the art, and will vary with the particular 
above described pharmaceutical composition comprising HB9 
protein in use, the strength of the preparation, the mode of 
administration, and the advancement of the disease condition 
or abnormality. Additional factors depending on the 
particular subject being treated will result in a need to 
adjust dosages, including subject age, weight, gender, diet, 
and time of administration. 

The subject invention further provides a composition which 
comprises an effective amount of a nucleic acid molecule 
encoding HB9 capable of being expressed in a suitable host 



cell, and a pharmaceut ically acceptable carrier. 



This invention provides a method for treating a subject 
afflicted with an abnormality associated with a lack of one 
or more normally f unctioning motor neurons which comprises - 
introducing an amount of the pharmaceutical composition 
comprising of a purified HB9 protein and a pharmaceutical^ 
acceptable carrier effective to generate somatic motor 
neurons from undifferentiated motor neuron precursor cells 
in the subject, thereby treating the subject afflicted with 
the abnormality associated with the lack of one or more 
normally functioning motor neurons. 

"As" used -herein- a -"normally -f unctioning- -motor, neuronitis _a_ 
motor neuron that can control muscle contraction and respond 
to sensory input . 

As used herein, administering may be effected or performed 
using any of the various methods known to those skilled in 
the art. The administration may be intravenous, 
intraperitoneal , intrathecal , intralymphat ical , 

intramuscular, intralesional , parenteral, epidural, 
subcutaneous; by infusion, liposome -mediated delivery, 
aerosol delivery; topical, oral, nasal, anal, ocular or otic 
delivery. 

This invention provides a method of treating a subject 
afflicted with a neurodegenerative disease which comprises 
introducing an amount of the pharmaceutical composition 
which comprises a purified HB9 protein and a 
pharmaceutical^ acceptable carrier effective to generate 
somatic motor neurons from undifferentiated precursor motor 
neuron cells in the subject, thereby treating the subject 
afflicted with the neurodegenerative disease. In an 
embodiment of the method of treating a subject with a 
neurodegenerative disease which comprises introducing an 
amount of pharmaceutical composition which comprises a 
purified HB9 protein and a pharmaceutical^ acceptable 



carrier effective to generate somatic motor neurons from 
undifferentiated precursor motor neuron cells in the 
subject, the generation of motor neurons from 
undif ferenitated precursor motor neuron cells alleviates a 
chronic neurodegenerative disease. In an embodiment of the 
above -described method of treating a subject afflicted with 
a chronic neurodegenerative disease where the disease is a 
spinal muscular atrophy. In a further embodiment the of 
method of treating a subject afflicted with a chronic 
neurodegenerative disease the disease is amyotrophic lateral 
sclerosis (Lou Gehrig's Disease) . 

This invention provides for a method of treating a subject 
afflicted with an acute nervous system injury which 
"comprises" "introducing" ~ an " "amount b~f ~ a" -pharmaceutical 
composition which comprises a purified HB9 protein and a 
pharmaceutical^ acceptable carrier effective to generate 
motor neurons from undifferentiated precursor motor neuron 
cells in a subject, thereby treating the subject afflicted 
with the acute nervous system injury. 

This invention provides for a method of treating a subject 
afflicted with an acute nervous system injury which 
comprises introducing an amount of pharmaceutical 
composition which comprises a purified HB9 protein and a 
pharmaceutical^ acceptable carrier effective to generate 
motor neurons from undifferentiated precursor motor neuron 
cells in a subject, wherein the acute nervous system injury 
is localized to a specific central axon which comprises 
surgical implantation of the pharmaceutical compound 
comprising a HB9 protein and a pharmaceutical ly acceptable 
carrier effective to generate motor neurons from 
undifferentiated precursor motor neuron cells located 
proximal to the specific central axon, so as to alleviate 
the acute nervous system injury localized to a specific 
central axon, thereby treating the subject afflicted with 
the acute nervous system injury. 
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Th is invention provides a method for diagnosing a chronic 
neurodegnerative disease associated with the expression of 
a HB9 protein in a sample from a subject which comprises: a. 
obtaining DNA from the sample of the subject suffering from 
the — chronic - -neurodegenerative - disease-;- b. performing- .a 
restriction digest of the DNA with a panel of restriction 
enzymes; c. separating the resulting DNA fragments by size 
fractionation; d. contacting the resulting DNA fragments 
with a nucleic acid probe capable of specifically 
hybridizing with a unique sequence included within the 
sequence of a nucleic acid molecule encoding a HB9 protein, 
wherein the sequence of a nucleic acid molecule encoding a 
HB9 protein is linked at a specific break point to a 

s pe ci f ied n ucleic a c ±d^ segue nee and 1 abe led with a 

detectable marker; e. detecting labeled bands which have 
hybridized to the nucleic acid probe capable of specifically 
hybridizing with a unique sequence included within the 
sequence of a nucleic acid molecule encoding a HB9 protein, 
wherein the sequence of a nucleic acid molecule encoding a 
HB9 protein is linked at a specific break • point to a 
specified nucleic acid sequence to create a unique band 
pattern specific to the DNA of subjects suffering from the 
chronic neurodegenerative disease; f - preparing DNA obtained 
from a sample of a subject for diagnosis by steps (a-e) ; and 
g. comparing the detected band pattern specific to the DNA 
obtained from a sample of subjects suffering from the 
chronic neurodegenerative disease from step (e) and the DNA 
obtained from a sample of the subject for diagnosis from 
step (f) to determine whether the patterns are the same or 
different and to diagnose thereby predisposition to the 
chronic neurodegenerative disease if the patterns are the 
same . 

This invention provides a method for diagnosing a chronic 
neurodegenerative disease associated with the expression of 
a HB9 protein in a sample from a subject which comprises: a. 
obtaining RNA from the sample of the subject suffering from 
chronic neurodegenerative disease; b. separating the RNA 
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sample by size fractionation; c. contacting the resulting 
RNA species with a nucleic acid probe capable of 
specifically hybridizing with a unique sequence included 

within, the .sequence of a nucleic_acid molecule encoding a 

5 HB9 protein, wherein the sequence of a nucleic acid molecule 
encoding a HB3 protein is linked at a specific break point 
to a specified nucleic acid sequence and labeled with a 
detectable marker; d. detecting labeled bands which have 
hybridized to the RNA species to create a unique band 
10 pattern specific to the RNA of subjects suffering from the 
chronic neurodegenerative disease; f. preparing RNA obtained 
„ from a sample of a subject for diagnosis by steps (a-d) ; and 

C5 g . comparing the detected band pattern specific to the RNA 

"™ "obtained "from a sample of ""sTibyects - suffering f r om "the - 

Til 

□ !5 chronic neurodegenerative disease from step (d) and the RNA 

in obtained from a sample of the subject for diagnosis from 

1* step (f) to determine whether the patterns are the same or 

a different and to diagnose thereby predisposition to the 

H chronic neurodegenerative disease if the patterns are the 

f y 2 0 same . 

j"f This invention provides a functionally equivalent analog of 

HB 9 that induces HB9 differentiation of neural progenitor 
cells. 

25 

This invention provides a functionally equivalent analog of 
HB9 that prevents HB9 differentiation of neural progenitor 
cells. - 

30 This invention provides a method of treating a subject 
afflicted with a neuromuscular disease which comprises 
introducing an amount of a pharmaceutical composition 
comprising a purified HB9 protein and a pharmaceutically 
acceptable carrier effective to activate acetylcholine to 

35 activate muscle cells. 

This invention provides a method of treating an embryo 
afflicted with sacral agenesis which comprises introducing 
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an isolated nucleic molecule encoding a homeobox, HB9, 
protein. 

This invention provides a method of treating an embryo 
- a f f 1-icted with -sacral agenesis— which- comprises _intr.Qducing_ 
an amount of a pharmaceutical composition comprising a 
purified HB9 protein and a pharmaceuticaily acceptable 
carrier effective to activate acetylcholine to activate 
muscle cells. 

A method of treating an embryo lacking HB9 expression which 
comprises introducing an isolated nucleic molecule encoding 
a homeobox, HB9, protein. 

A method of treating an embryo lacking HB9 expression which 
comprises introducing an amount of a pharmaceutical 
composition comprising a purified HB9 protein and a 
pharmaceuticaily acceptable carrier effective to activate 
acetylcholine to activate muscle cells. 

In order to facilitate an understanding of the Experimental 
Details section which follows, certain frequently occurring 
methods and/or terms are best described in Sambrook, et 
al. (1989) . 

This invention will be better understood from the 
Experimental Details which follow. However, one skilled in 
the art will readily appreciate that the specific methods 
and results discussed are merely illustrative of the 
invention as described more fully in the claims which follow 
thereafter. 



-77- 



EXPERIMENTAL DETAILS 

FIRST SET OF EXPERIMENTS 
Single-Cell Library Screen 

Culture of stage 10 chick (Hamburger and Hamilton, 1951) [i] 
explants was performed as described (Yamada et al.,1993). 
After 24 hr, explants were enzymat ically dissociated and 
single cells isolated. The synthesis and amplification of 
cDNAs isolated from single cells was performed essentially 
as in Dulac and Axel (1995) . Single cell-derived cDNAs were 
analyzed using Isll , Isl2 , HB9 and Lim2 probes. The 
efficiency of cDNA amplification was assessed using S17 . A 
-single- -cell— cDNA— sample- that- _r eve a l_e_d___ Isll I s 1 2 and „HB£ 
.hybridization was used to prepare a cDNA library in AZapII 
(Stratagene) . Approximately 2000 plaques were screened with 
cDNAs from a motor neuron and Lim2 + neuron. Plaques 
hybridizing selectively with the motor neuron probe were 
isolated, cloned and analyzed by in situ hybridization. 
This screen generated 2 clones that encoded MNR2 . 

As used herein, " [i] explants" are intermediate neural plate 
explants. 

Isolation of MNR2 and HB9 

A single motor neuron-derived MNR2 cDNA clone was used to 
isolate a longer MNR2 cDNA. A genomic MNR2 clone containing 
the 5* coding region of MNR2 was ligated to the MNR2 cDNA to 
generate full-length chick MNR2 . A chick HB9 cDNA was 
isolated from a spinal cord cDNA library using a PCR probe 
derived from the HB9 homeobox. A full length chick HB9 clone 
was constructed by ligating genomic HB9 coding sequence to 
the HB9 cDNA. Genbank accession numbers; chick MNR2 
AF066860, chick HB9 AF066861 . 



Recombinant Retroviral Vectors 

As used herein, a recombinant nucleic acid molecule is a 
nucleic acid molecule which does not occur as an individual 
molecule in nature and which is obtained through the use of 
recombinant -technology. 

Retroviral vectors were generated by subcloning chick cDNAs 
into either RCASBP (A) or RCASBP (B) vectors (Hughes et al . , 
1987; Morgan and Fekete, 1996) . The RCAS (B) MNR2 3' A 
construct contained the coding region of MNR2 but lacked the 
3' non-coding region. Viral supernatants (Morgan and 
Fekete, 1996) were applied to stage 5-6 chick embryos in 
ovo . In double infections, viral stocks derived from 
jvectors^ encoding A or B envelope glycoproteins were mixed 
prior to in ovo application. Embryos were analyzed at 
stages 17-27 . 

Immunocytochemistry and In Situ Hybridization Histochemistry 

Rabbit antisera were generated against a GST- chick MNR2 NH 2 
fusion protein and against a KLH- conjugated chick HB9 NH 2 
peptide (MEKSKNFRIDALLA) . Mouse antisera and monoclonal 
antibodies were also generated against MNR2 protein and HB9 
protein. Rabbit anti-Brn3 .0 (Fedtsova and Turner, 1997); 
guinea pig anti Isll/2 (Morton and T.M. Jes sell unpublished 
data). For other antibody reagents see Ericson et al . , 
(1997) and Liem et al . , (1997). Immunohistochemistry was 
performed as described (Yamada et al . , 1993). Double and 
triple-label analyses were performed with a Bio-Rad 1024 
Confocal Microscope using Cy3 , Cy5 and FITC- conjugated 
secondary antibodies (Jackson, Inc.). In situ hybridization 
was performed as described (Schaeren-Wiemers and Gerfin- 
Moser, 1993; Tsuchida et al . , 1994) using MNR2 and ChAT 
(Yamada, et al . , 1993) probes. The 3' non-coding MNR2 probe 
was the 300 bp Smal-EcoRI fragment. 

BrdU Incorporation into Neural Neurons 

BrdU incorporation was analyzed after application of lOOuM 
BrdU to stage 18 embryos in ovo and subsequent incubation at 



37°C for 30 or 45 minutes. 



Retrograde Labeling of Spinal Cord Cells 

RCAS (B) MNR2 - infected stage 24-26 embryos were dissected, 
ventral~roots "exposed "and -labeled- by application of — FI-TC — - 
Dextran (Molecular Probes) (Varela-Echavarria et al . , 1996). 
Embryos were incubated for 1 hour before analysis. 

MATERIALS AND METHODS 
Isolation of MNR2 

To identify genes expressed by somatic motor neuron 
p r ogeni-t ors.,- we_p.e r_f ormed a PCR -bas ed dif f erential screen 

(Dulac and Axel, 1995) of individual newly-differentiated 
motor neurons on the premise that genes expressed by motor 
neuron progenitors might persist transiently in post -mitotic 
motor neurons. Chick neural plate ( [i] ) explants (Yamada et 
al , 1993) were grown in vitro for 24h, alone or with a 
concentration of Shh that induces somatic motor neurons 

(Ericson et al . 1997). cDNAs isolated from single cells 
derived from [i] explants exposed to Shh were hybridized 
with probes for three homeobox genes Isll , Isl2 and HB9, 
that define post-mitotic somatic motor neurons (Fig 1A) . 
Single cell cDNA samples derived from [i] explants grown 
alone were hybridized with Lim2 , a homeobox gene marker of 
spinal interneurons (Fig 1A) . A cDNA population amplified 
from a single Isll* . Isl2+ . HB9 + motor neuron (Fig 1A) was 
used to prepare a cDNA library that was screened with probes 
derived from a single in vitro generated motor neuron or 
Lim2 + neuron. cDNAs isolated from plaques that hybridized 
selectively with the motor neuron- derived probe were cloned 
and sequenced. As used herein, 11 [i] explants" are 

intermediate neural plate explants. 

Several genes identified in this manner were expressed in a 
motor neuron restricted pattern and we describe here the 
function of one of these, MNR2 . MNR2 is a homeobox gene 



that encodes a homeodomain almost identical to that encoded 
by HB9 (Fig IB; Harrison et al . , 1994), a gene whose neural 
expression is restricted to motor neurons (see below, Pfaff 
et al . 1996, Saha et al . , 1997) . The MNR2 sequence diverges 
from HB9- outside the homeodomain (Fig lB-;_ ..dat.a_.no t._shown )._.... 

MNR2 is Expressed by Somatic Motor Neuron Progenitors 

The pattern of neural expression of MNR2 was examined in 
chick embryos from stages 10 to 25. MNR2 expression was 
first detected at stage 12 in cells near the floor plate 
(Fig 1C) . At this stage, no motor neurons have been 
generated (Langman et al . , 1966) and Isll is not yet 
expressed (Ericson et al . , 1992). The onset of MNR2 

expression coincides with the time that motor neuron 

progenitors acquire independence from Shh signaling (Ericson 
et al . , 1996). Between stages 15-20, MNR2 expression was 
restricted to cells in the ventral spinal cord and caudal 
hindbrain, some of which were located medially and others 
laterally in a domain that overlaps with post -mitotic Isll * 
motor neurons (Fig ID, IE; data not shown) . 

We next examined whether, as predicted by the design of the 
differential screen, MNR2 is induced by Shh. To test this, 

[i] explants were exposed to Shh and the expression of MNR2 
and Isll/2 determined. Induction of MNR2 was detected 16h 
after exposure to Shh (data not shown) and by 24h, 70 + 12 

(mean + SEM; n=4 ) MNR2 + cells were detected (Fig 1 F, 1G) . 
In addition, 32% of the induced MNR2 + cells did not express 
Isll/2 (Fig 1 G, 1H) , consistent with the earlier onset of 
MNR2 expression in vivo. These results show that Shh 
induces MNR2 . 

To provide direct evidence that MNR2 is expressed by mitotic 
cells, we exposed stage 18 embryos to BrdU for 30 min and 
monitored the expression of MNR2 and Isll by BrdU* cells. 
Many MNR2 + , Brdtf cells (Fig 2A) but no Isll , BrflU cells 
(Fig 2B) were detected. In addition, a subset of MNR2 + 
progenitors coexpressed the M-phase marker MPM2 (Fig 2C; 



Westendorf et al . , 1994). MNR2 + progenitors coexpressed Pax6 
(Fig 2D; data not shown) but were located dorsal to the 
Nkx2.2 + progenitor domain (Fig 2E) , supporting the idea that 
MNR2 expression is restricted to the progenitors of somatic 

motor" neurons. MNR2~ was also -detected— in -post-mitotic. 

somatic motor neurons in the spinal cord and hindbrain but 
not in visceral motor neurons (Fig IE , Fig 2 F and data not 
shown) . Thus, MNR2 expression is restricted to domains of 
somatic motor neuron generation. 

The temporal profile of MNR2 expression was compared with 
that of other homeodomain proteins that define somatic motor 
neurons. At spinal cord levels, the initial migration of 
-newly--generated_motor_neurgns occurs_ in a me d i o later a 1 J?!^ 1 * 5 
(Leber and Sanes, 1995) and thus the more lateral the 
position of a motor neuron, the more advanced is its state 
of differentiation. Between stages 15 and 20, MNR2 was 
detected medially in progenitor cells as well as laterally 
in post-mitotic motor neurons (Fig 2 G-K, data not shown) . 
The expression of Isll was restricted to post-mitotic motor 
neurons (Fig 2 G, 2K; Ericson et al . , 1992) but appeared 
prior to HB9 and Isl2 (Fig 2H, 21, 2K; data not shown). In 
t h ese laterally positioned motor neurons MNR2 expression was 
markedly decreased or absent (Fig 2 H, 21, 2K) indicating 
that MNR2 expression is transient. Lim3 is expressed by 
post-mitotic somatic motor neurons (Figure 2 J, 2K; Tsuchida 
et al . , 1994) but is also detected in Pax6* ventral 
progenitors and in these cells appears soon after MNR2 (Fig 
2 J, 2K; data not shown). Thus, somatic motor neuron 
progenitors coexpress Pax6, MNR2 and Lim3 . 

MNR2 Induces the Expression of Somatic Motor Neuron 
Transcription Factors 

If MNR2 has a critical role in the Shh-induced pathway of 
motor neuron generation, we reasoned that its misexpression 
might be sufficient to promote motor neuron differentiation 
in neural cells that have not been exposed to adequate 
levels of Shh and perhaps even in dorsal progenitor cells 
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that are exposed to antagonistic BMP signals. To test this 
idea we misexpressed MNR2 in the neural tube using a 
replication competent retroviral vector (Morgan and Fekete, 
1996) . Embryos were infected with MNR2 virus at stages 5-6, 
^permitted to develop. until . stag.es_._2 0-27 _ and the ^result ing 
pattern of motor neuron differentiation monitored by 
expression of Isll, Isl2, HB9 , and Lim3 . The expression of 
Isl2 and HB9 is restricted to somatic motor neurons 
(Tsuchida et al . 1994; Pfaff et al . 1996; data not shown) 
whereas Lim3 is also expressed by ventral (V2) interneurons 
that are generated immediately dorsal to motor neurons (Fig 
2 J, 2K; Ericson et al . 1997) . Isll is also expressed by 
dorsal (D2) interneurons (Fig 2 G, 2K; Liem et al . 1997). 



In MNR2 - infected embryos examined at stage 23, ectopic MNR2 + 
cells were detected in a mosaic pattern throughout the 
spinal cord (Fig 3A; data not shown) . In dorsal regions that 
contained a high density of MNR2 + cells, many ectopic Isll + , 
Isl2 + , HB9 + and Lim3 + cells were detected (Fig 3 B-E) . All 
ectopic Isll + , Lim3 + , Isl2 4 and HB9 + cells coexpressed MNR2 
(Fig 3F; data not shown) indicating that MNR2 acts cell- 
autonomously to activate the expression of these homeodomain 
proteins. To control for the specificity of MNR2 activity, 
we misexpressed Lmxlb and Hoxc6, two other homeobox genes 
present in the spinal cord (Burke and Tabin 1996; Riddle et 
al . 1995) . Neither Lmxlb nor Hoxc6 induced MNR2 , Lim3 , Isll, 
Isl2 or HB9 (data not shown) . Thus, the activity of MNR2 is 
not mimicked by divergent homeodomain proteins. 

We next examined whether the ability of MNR2 to induce motor 
neuron markers in the dorsal spinal cord is associated with 
a change in the early dorsal character of neural progenitor 
cells. The ectopic dorsal expression of MNR2 did not repress 
Pax7 (Fig 3G) , a marker of dorsal progenitor cells (Ericson 
et al., 1996). The detection of Isl2 + , HB9 + and Lim3 + cells 
in the extreme dorsal region of the spinal cord (Fig 3 C-E) 
also provides evidence that MNR2 can impose a somatic motor 
neuron character on neural cells that have been exposed to 



BMP signals (Liem et al . , 1997). Consistent with this, 
there was no dorsoventral restriction in the positions at 
which cells expressing these ectopic homeodomain protein 
markers were found (Fig 3 B-E; data not shown) . Ectopic 
expression of— Lim3 -and HB9- was --also— detected -in dorsal root 
ganglion neurons (data not shown) , indicating that MNR2 can 
also activate somatic motor neuron markers in peripheral 
neurons . 

The ability of MNR2 to induce motor neuron transcription 
factors in the dorsal spinal cord leaves open the issue of 
whether ventral progenitor cells respond to MNR2 with the 
expression of motor neuron markers. The detection of a high 
inc idenc e of MNR 2-induced Isll*, Isl2 + and HB9 + cells below 
the Pax7 boundary (Fig. 3B-D, 3G) suggested that this is the 
case. Nevertheless, it remained possible that the ectopic 
location of these neurons arose through their dorsal 
migration from the normal domain of somatic motor neuron 
generation. We therefore examined whether MNR2 can induce 
motor neuron transcription factors in ventral progenitor 
cells generated in neural plate explants. Embryos were 
infected with MNR2 virus at stages 4-5 and permitted to 
develop until stage 10, at which time [i] explants were 
isolated and grown in vitro for 24h with 0 . 5nM Shh. This 
concentration of Shh is sufficient to repress Pax7 and 
generate a ventral progenitor cell state (Ericson et al . , 
1996) , but is below the threshold for motor neuron induction 
(Ericson et al . , 1997). [i] explants isolated from MNR2 - 
infected embryos contained many MNR2 + cells and -25% of these 
expressed Isll/2 (Fig 3 H, 31). In contrast, [i] explants 
derived from uninfected embryos and exposed to 0.5 nM Shh 
did not generate MNR2 + cells (Fig 3J) or Isll/2 neurons 
(data not shown; Ericson et al . , 1997). These results 
indicate that MNR2 can also direct motor neuron 
differentiation in ventral progenitor cells. 



MNR2 Acts in the Context of a General Program of 
Neurogenes i s 

The expression of motor neuron transcription factors was 
detected in only a minority of ectopic MNR2 + cells (Fig 3 A- 

~3"F) ; In considering what- might account -for- -this restriction 

we noted that the ectopic expression of Isll, Isl2 and HB9 
coincided with the location of post -mitotic neurons (Fig 3 
B-E) . This observation, taken together with the normal 
restriction of Isll, Isl2 and HB9 to post-mitotic motor 
neurons (Fig 2K) raised the possibility that the induction 
of these homeodomain proteins by MNR2 might require cell 
cycle exit and the acquisition of a generic neuronal 
character . 



To examine this possibility we first determined the 
proportion of ectopic MNR2 + cells that expressed Cynl , a 
marker expressed by all spinal neurons soon after cell cycle 
exit (Ericson et al . , 1997). At stages 20-23, only -10% of 
ectopic MNR2 + cells expressed Cynl (Fig 4 A, 4B) , indicating 
that most ectopic MNR2 + are progenitors. In contrast, >98% 
of MNR2 - induced ectopic Isll*, Isl*2 and + HB9 cells 
coexpressed Cynl (Fig 4 C-4E; data not shown) . These 
findings suggest that the ectopic induction of Isll, Isl2 
and HB9 by MNR2 requires the acquisition of a post-mitotic 
neuronal character, thus conforming to the normal profile of 
expression of these three proteins in somatic motor neurons . 
Lim3, in contrast, is normally expressed by ventral 
progenitors as well as by post-mitotic motor neurons. Many 
MNR2- induced Lim3 + cells could be labeled after a brief BrdU 
pulse (Fig 4 F) , -70% of MNR2 - induced ectopic Lim3 + cells 
coexpressed Cynl (data not shown) and only 55% of MNR2 - 
induced Lim3 + cells coexpressed Isll (Fig 4 E, 4G) . Thus 
MNR2 induces ectopic Lim3 expression in neural progenitors 
and post-mitotic neurons. These findings show that the 
normal temporal relationship between cell cycle exit and 
transcription factor expression is preserved in ectopic 
MNR2 -induced neurons. In a neuronal context then, MNR2 is 
an efficient inducer of somatic motor neuron transcription 



factors: 91% of MNR2 + neurons expressed Isll, 79% expressed 
Lim3 and -40% expressed Isl2 and HB9 (Fig 4H) . 

MNR2 Expression is Autoregulated 

The~ onset- of -MNR2 expression occurs „at _the__time jthat_ motor 
neuron progenitors attain independence from Shh signaling 
(Ericson et al . , 1996). This finding raises the possibility 
that the progression of motor neuron progenitors to a Shh- 
independent state involves the expression of MNR2 . One 
mechanism by which MNR2 might establish Shh- independence is 
through the activation of its own expression. 

To test this, we infected embryos with a MNR2 3'A construct 
_lacking^J'_non- codin g seque nce and monitored the expression 
of endogenous MNR2 using a 3" non-coding probe. 
Retrovirally- introduced MNR2 3'A induced endogenous MNR2 in 
dorsal spinal cord cells (Fig 4 I, 4 J) . Moreover, the 
ectopic expression of MNR2 was not restricted to neural 
cells (Fig 4J) , in contrast to the neural restriction in the 
MNR2 - induced ectopic expression of Lim3 , Isll, Isl2 and HB9 
(Fig 3; data not shown). These results support the idea 
that MNR2 expression and autoactivation underlies the 
progression of motor neuron progenitors to a Shh- independent 
state . 

MNR2 Induces Later Features of Motor Neuron 
Differentiation 

The sufficiency of MNR2 as an inducer of somatic motor 
neuron transcription factors prompted us to examine whether 
these neurons exhibit other aspects of the motor neuron 
phenotype. We first examined if MNR2 can induce the 
expression of ChAT , the gene encoding the rate limiting 
enzyme in the synthesis of acetylcholine, the motor neuron 
neurotransmitter. In control embryos, ChAT expression was 
restricted to the region occupied by motor neuron cell 
bodies and their dendrites (Fig 5A, 5C, 5E) . In contrast, in 
MNR2 - infected embryos, ChAT was expressed ectopically by 
cells in the dorsal spinal cord (Fig 5B, 5D, 5E) . Thus, 



MNR2 induces the gene that defines the transmitter phenotype 
of motor neurons . 



We next examined whether neurons in the dorsal spinal cord 
- that -express- MNR2 acquire -the- motor -neuron- specif i.c feature_„ 
of an axonal projection into : the ventral root. To assess 
this we labeled spinal neurons retrogradely by application 
of FITC-Dextran to the ventral roots of stage 25 embryos. 
In control embryos, labeled neurons were restricted to the 
ventral spinal cord (Fig 5 F, 5J) . In MNR2 -infected 
embryos, many ectopic dorsal MNR2 + , Isll/2 + neurons were 
labeled with FITC-Dextran and these neurons projected axons 
towards the ventral root exit point (Fig 5 G-J") . In 
_a<idit ip^,_ _e^ t opi_c_ e^q^^ssion^ of SCI, a surface marker of 
motor neurons (Tanaka and Obata, 1984) was detected in MNR2 - 
infected but not in control embryos (data not shown) . These 
findings show that MNR2 induces later phenotypic features of 
somatic motor neurons. 

Ectopic Expression of MNR2 Represses Interneuron Fates 

The detection of ectopic motor neuron differentiation in 
dorsally-located neurons raised the question of whether the 
interneuronal character of spinal cord neurons is suppressed 
by MNR2 . To address this issue we analyzed the expression 
of homeodomain proteins that define four classes of 
interneurons generated in domains dorsal to motor neurons . 
Dorsally, Dl neurons express LH2 (Liem et al . , 1997) and 
many D2 neurons express Brn3 . 0 (Fedtsova and Turner, 1997) . 
Ventrally, VI neurons express En 1 (Ericson et al . , 1997)- and 
Lim3 + V2 neurons express ChxlO (Ericson et al . 1997) . 

In MNR2 - infected embryos Dl, D2 , VI or V2 interneuron 
markers were not detected in ectopic Isl2 + and HB9 + neurons 
(data not shown) . In regions of the spinal cord in which a 
high proportion of cells in these interneuron domains 
ectopically expressed MNR2 there was a -50- 90% decrease in 
the number of cells that expressed Dl, D2 , VI and V2 neuron 
markers (Table 1) . 
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Table 1- Suppression of Spinal Interneuron Fates by MNR2 



Interneuron 
"Popul a t i on 



Homeodomain 
-Protein Marker 



Reduction in 

Marker 

Expression 



Dl 
D2 
VI 
V2 



LH2 
Brn3 . 0 

Enl 
ChxlO 



75% (1) 

88 + 4% (4) 
46 + 5% (10) 

89 + 3% (9) 



Analysis derived from spinal cord ~of ' ~^^t~age~22— MNR£- 
infected embryo in which ectopic MNR2 + cells were restricted 
almost exclusively to the right half of the spinal cord. 
Values (%) indicate number of labeled cells on heavily 
infected vs uninfected sides. Mean +SEM, n = number of 
sections . A similar repression of interneuron markers was 
detected in six other MNR2- infected embryos. : 



The differing degrees of extinction of these interneuron 
markers appear to reflect local variation in the density of 
ectopic MNR2 + cells rather than any difference in the 
efficiency with which MNR2 suppresses individual interneuron 
fates. The induction of somatic motor neuron 

differentiation by MNR2 is therefore accompanied by_ the 
suppression of interneuron fates. 

Cooperation of Isll and MNR2 in the Specification of Somatic 
Motor Neuron Identity 

We next addressed the contributions of the transcription 
factors induced by MNR2 to the differentiation of somatic 
motor neurons. To examine the role of Isll in the program 
of somatic motor neuron differentiation we assayed motor 
neuron markers in embryos infected with Isll virus. No 



ectopic expression of MNR2 , Lim3 , Isl2 or HB9 was detected 
(Fig 6 A-6E) . Thus, Isll is not sufficient to direct 
somatic motor neuron differentiation. Nevertheless, all 
MNR2- induced ectopic dorsal Isl2 + and HB3 neurons 

-coexpressed Isll — (-Fig- 4E) ... This observation^ together with_ 

the requirement for Isll in the generation of somatic motor 
neurons (Pfaff et al . , 1996) suggested that the ectopic 
expression of Isl2 and HB9 induced by MNR2 involves Isll. 

To test this we analyzed the activity of MNR2 at an earlier 
stage of development (stage 20) . We reasoned that if Isll 
cooperates with MNR2 in the induction of Isl2 and HB9, then 
the early onset of Isll expression by prospective D2 neurons 
_(Liem et al^, _A_997) might rel ieve the delay inherent in the 
induction of Isll by MNR2 and thus accelerate MNR2 -induced 
motor neuron differentiation. MNR2 induced ectopic dorsal 
expression of Isl2 and HB9 at stage 20 (Fig 6 F-6J) . 
However there was a restriction in the position of ectopic 
Isl2 + and HB9*" cells, focused on the normal domain of D2 
neuron generation (Fig 6 F-6J, 6P) . If this restriction is 
conferred by the early expression of Isll by prospective D2 
neurons then coinfection with MNTR2 and Isll viruses would be 
expected to abolish the dorsoventral restriction in Isl2 and 
HB9 expression. In the spinal cord of embryos coinfected 
with MNR2 and Isll viruses and analyzed at stage 20, a high 
proportion of cells now coexpressed MNR2 and Isll at ectopic 
locations (Fig 6K) . Over 70% of these cells coexpressed 
Isl2 and/pr HB9 (Fig 6N) . Moreover, the dorsoventral 
restriction in the position of ectopic Isl2 + and HB9 + neurons 
evident after MNR2 infection was abolished (Figs 6 L, 6M, 
6P) . These findings support the idea that the induction of 
Isl2 and HB9 by MNR2 involves the cooperation of Isll. 

MNR2 Acts Upstream of Lim3 in the Specification of Somatic 
Motor Neurons 

During normal somatic motor neuron differentiation, Lim3 and 
MNR2 are expressed by ventral progenitors at a similar 
developmental stage (Fig 2 J, 2K) . To determine the 




-89- 

hierarchy of MNR2 and Lim3 activity, we misexpressed Iiim3 
and assayed the resulting pattern of homeodomain protein 
expression. Lim3 did not induce MNR2 or Isl2 (Fig 7 A-7E) 
nor did it increase the number of dorsal Isll + neurons (Fig 

_ .5 7D,„ 7E.L._„HQwever,_there was a very low A n ^A^^P5: e of e ctopi c 

HB9 + neurons in the dorsal spinal cord of Lim3 -infected 
embryos (Fig 7D, 7E) confined exclusively to cells that 
coexpressed Isll (Fig 7D; data not shown) . 

10 The restriction of ectopic HB9 expression to dorsal Isll + 
neurons in Lim3 - infected embryos raised the possibility that 
the coordinate activities of Lim3 and Isll are sufficient to 
induce HB9 expression. To test this we coinfected embryos 
with Lim3 and Isll viruses (Fig 7H) . The incidence of 

15 ectopic expression of HB9 was markedly increased in the 
spinal cord of such coinfected embryos, compared to embryos 
infected solely with Lim3 (Fig 7 J, IK) . Moreover, > 3 0% of 
cells that coexpressed Lim3 and Isll expressed HB9 (Fig 7K) 
and these HB9 + neurons were not restricted to any 

2 0 dorsoventral position (Fig 7 J; data not shown) . In 
contrast, ectopic expression of Isl2 was rarely detected 
after Iiim3 and Isll coinfection (Fig 7 I, 7K; data not 
shown) . These results provide evidence that Lim3 and Isll 
cooperate as intermediaries in the MNR2- induced activation 

2 5 of HB9 expression. 

HB9 Activity and the Maintenance of Transcription Factor 
Expression by Somatic Motor Neurons 

The expression of MNR2 is transient, raising the issue of 
30 how the expression of Lim3 , Isll and Isl2 is maintained in 
post-mitotic motor neurons. The HB9 gene encodes a 
homeodomain protein closely related to MNR2, suggesting that 
HB9 has an activity similar to that of MNR2 . To test this 
we infected embryos with an HB9 virus and monitored the 
35 ectopic expression of Isll, Isl2 and Lim3 . HB9 induced the 
expression of Isll, Isl2 and Lim3 at an efficiency similar 
to that of MNR2 (Fig 7 L-N; data not shown) . Misexpression 
of HB9 also induced the ectopic expression of MNR2 (data not 
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shown) , a result that we interpret to reflect mimicry of the 
autoregulatory activity of MNR2 . These results suggest a 
role for HB9 in maintaining of the differentiated properties 
of somatic motor neurons at times after MNR2 expression has 
been -extinguished. 

Lim3 Expression in the Absence of MNR2 is Sufficient to 
Induce the V2 Interneuron Fate 

Lim3 is also expressed by V2 neurons and appears prior to 
the V2 marker ChxlO (Ericson et al . , 1997). We therefore 
examined whether Lim3 has a role in the differentiation of 
this interneuron subtype. To test this, we examined the 
pattern of ChxlO expression in the spinal cord of Lim3 - 
infected embryos. Misexpression of Lim3 induced ChxlO in 
Cynl + neurons located at both dorsal and extreme ventral 
regions of the spinal cord, adjacent to the floor plate (Fig 
7 F, G; data not shown) but not in somatic motor neurons 
(Fig 7G) . These results suggest that the expression of Lim3 
in cells devoid of MNR2 activity is sufficient to direct the 
differentiation of V2 interneurons . 

DISCUSSION 

Graded Shh signaling appears to control the identity of 
neuronal subtypes in the ventral neural tube. The present 
studies show that Shh induces the expression of a 
homeodomain protein, MNR2, in motor neuron progenitors and 
that the expression of MNR2 is sufficient to direct somatic 
motor neuron differentiation. Thus, MNR2 expression appears 
to be a critical output of Shh signaling in the pathway of 
somatic motor neuron generation. We discuss these findings 
in the context of the Shh signaling pathways involved in 
neuronal fate determination and the control of progenitor 
cell identity and commitment in the vertebrate CNS . 

MNR2 Expression Specifies Somatic Motor Neuron Progenitors 

Shh signaling is required for the generation of somatic 
motor neurons, but the downstream steps in this 
developmental program have not been resolved. Somatic motor 



neurons derive from Pax6 + progenitor cells, yet Pax6 itself 
appears to be required only indirectly for somatic motor 
neuron generation (Ericson et al . , 1997). Our results 
suggest that the expression of MNR2 by Pax6 + progenitors is 
-a- key— step„in_ soma t i c _mo t or _neur on -development, specif ying 
ventral cells as motor neuron progenitors. 

At what step in the pathway of somatic motor neuron 
differentiation does MNR2 act? MNR2 is expressed by ventral 
progenitor cells ~4-5h prior to the generation of the first 
post -mitotic motor neurons and the cell cycle time of 
ventral progenitor cells is ~8h (Langman et al . , 1966). 
Thus, it appears that MNR2 expression is initiated during 
the final division cycle of motor neuron progenitors. The 
onset of MNR2 expression by motor neuron progenitors 
coincides with the time that they attain independence of Shh 
signaling (Ericson et al . , 1996). This observation and the 
ability of MNR2 to activate its own expression provide a 
potential molecular basis for the transition of Shh- 
dependent ventral progenitor cells into Shh- independent , 
committed somatic motor neuron progenitors. 

MNR2 is induced rapidly by Shh, prior to the expression of 
other somatic motor neuron transcription factors. It is 
unclear, however, if MNR2 is a direct target for the 
conserved Hedgehog (Hh) signal transduction pathway mediated 
by the Ci/Gli class of transcription factors (Ingham, 1995) . 
Gli proteins have been implicated in floor plate 
differentiation (Lee et al . , 1997; Hynes et al . , 1997; Ding 
et al., 1998; Matise et al . , 1998) but it is uncertain 
whether they are also involved directly in the generation of 
motor neurons . 
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MNR2 and the Transcriptional Hierarchy of Motor Neuron 
Differentiation 

The expression of MNR2 in neural progenitor cells appears 
sufficient to induce somatic motor neurons. Moreover, the 
ability- of -MNR2 --to- direct- -motor- neuron^, differentiation 
appears to be independent of the position of progenitor 
cells within the neural tube. Most strikingly, MNR2 

promotes somatic motor neuron differentiation both in 
ventral progenitors that have been exposed to inadequate 
levels of Shh and in dorsal progenitor cells that have been 
exposed to BMP signals (Liem et al . , 1997). Since exposure 
of progenitors to BMPs inhibits motor neuron generation 
(Basler, et al . , 1993), these findings implicate MNR2 as a 
-det.erTOinant. of som ati c m oto r neuron identity . 



MNR2 appears to function upstream of a set of L.IM 
homeodomain transcription factors that cooperate to specify 
somatic motor neuron identity (Fig 8) . Lim3 is expressed 
soon after MNR2 in motor neuron progenitors. Ectopic 
expression of MNR2 induces Lim3 expression but L.im3 does not 
induce MNR2, suggesting that MNR2 functions upstream of Lim3 
in motor neuron progenitors. However, Lim3 is also 
expressed by V2 neurons that appear to derive from MNR2" 
progenitors, implying the existence of an MNR2 -independent 
pathway for the activation of Lim3 expression. This 
parallel pathway could also operate in somatic motor neuron 
progenitors. 

MNR2 efficiently induces the expression of Isll in spinal 
neurons. The induction of Isll may be a key step in somatic 
motor neuron differentiation, since the later appearance of 
transcription factors specific to somatic motor neurons, 
Isl2 and KB9 , appears to require the expression of Isll. 
The role of Isll inferred from these gain-of- function 
studies is consistent with the loss of somatic motor neuron 
differentiation in mice lacking Isll function (Pfaff et al . , 
1996) . Isll is also required for the generation of visceral 
motor neurons (Pfaff et al . , 1996). Since MNR2 is not 



expressed by Nkx2 . 2 + visceral motor neuron progenitors, the 
expression of Isll in visceral motor neurons appears to be 
regulated by a factor other than MNR2 . A dorsal expansion 
in the domain of Nkx2 . 2 expression results in a switch from 
somatic to visceral motor neuron generation (Ericson et al . , 
1997) suggesting that Nkx2 . 2 or related Nkx genes (Pabst et 
al., 1998) promote visceral motor neuron identity. 

Lim3 and Isll appear to cooperate in certain of the 
downstream steps of somatic motor neuron differentiation, 
their actions being sufficient to induce HB9 but not Isl2. 
Indeed, biochemical evidence indicates that Isll and Lim3 
can interact directly (Jurata et al . , 1998). Different 
intermediary pathways may therefore control the expression 
of di s t inctT components" of - t he soma t i c" motor ^neuron^phenotype 
(Fig 8) . Although the coexpression of MNR2 and Isll can 
induce Isl2 expression, Lim3 is induced by MNR2 and thus may 
also participate in the induction of Isl2 expression. HB9 
possesses an activity similar to that of MNR2 but appears 
only in post -mitotic neurons and thus may function to 
maintain somatic motor neuron properties after the 
expression of MNR2 has been extinguished. 

The expression of Lim3 in a cellular context devoid of MNR2 
results in the activation of ChxlO, a definitive marker of 
V2 neurons. Lim3 many therefore function in the normal 
program of generation of both somatic motor neurons and V2 
neurons. Misexpression of MNR2 in the V2 interneuron domain 
represses the expression of ChxlO while promoting somatic 
motor neuron differentiation. Thus the restriction in the 
domain of MNR2 expression imposed by graded Shh signaling 
may underlie the decision of ventral progenitors to 
differentiate into somatic motor neurons or V2 neurons. 

MNR2 Functions in Conjunction with an Independent Neurogenic 
Program 

The activity of MNR2 in inducing somatic motor neuron 
differentiation appears to operate within the context of a 



broader program of neurogenesis. Ectopic MNR2 induces the 
expression of Lim3 in progenitor cells but induces Isll, 
Isl2 and HB9 only in post-mitotic neurons, consistent with 
the normal temporal appearance of these proteins in somatic 
motor neurons. Thus, neural progenitors appear unable to 
express post -mitotic somatic motor "'" neuron markers ~ even 
though MNR2 is expressed precociously in these cells. 

The timing of differentiation of vertebrate neurons appears 
to be controlled by the sequential activation of basic HLH 
proteins with neurogenic properties (Anderson and Jan, 1997; 
Lo et al. , 1998). The expression of certain of these bHLH 
genes is initiated at the time that progenitor cells exit 
the cell cycle and acquire overt neuronal character (Begley 
_ et ~ al: 7 r -1-9-9-2-;- ~Ro ztoc-i-1— e t — a- 1 . , 1 -997 )- - —An- independently--- - 
regulated program of expression of neurogenic bHLH proteins 
might therefore limit the ability of MNR2 to induce the 
expression of Isll, Isl2 and HB9 to post-mitotic neurons. 

A Single Transcription Factor Specifies an Individual 
Neuronal Subtype 

Our results provide some insight into the question of 
whether neuronal subtype identities in the developing 
vertebrate CNS are controlled by the actions of dedicated 
neuronal subtype-specific determinants. Studies of cell 
fate determination during vertebrate myogenesis and 
Drosophila eye development have revealed the existence of 
transcriptional cascades that can be activated by the 
expression of a single transcription factor (Weintraub, 
1993; Haider et al . , 1995; Chen et al . , 1997; Pignoni et 
al . , 1997). Our results indicate that one neuronal subtype 
generated in the vertebrate CNS, somatic motor neurons, can 
similarly be specified by the actions of a single 
homeodomain transcription factor, MNR2 . Moreover, in a 
neuronal context devoid of MNR2 activity, Lim3 appears 
sufficient to specify V2 interneuron fates. The 
differentiation of floor plate cells can also be specified 
by a single transcription factor, the winged helix protein 



HNF3S (Ruiz i Altaba et al . , 1993; 1995; Sasaki and Hogan 
1994) . 



The identification of transcription factors that direct the 
"generation -of -two distinct classes-of -neurons._in_J:he ventral 
spinal cord raises the possibility that the identity of 
neurons in other regions of the CNS are similarly determined 
by the activity of individual subtype-dedicated 
transcription factors. The identification of such factors 
might permit the direction of progenitor cells along 
specific pathways of neuronal differentiation in the absence 
of constraints imposed by their prior developmental history. 
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SECOND SET OF EXPERIMENTS 
Results 

HB9 Expression in Developing Motor Neurons 

To begin to define the role of HB9 in the early development 
of MNs, we compared the pattern of HB9 expression with that 
of three other early MN markers, the LIM-HD proteins Lim3 
(Lhx3) , Isll and Isl2. In the mouse spinal cord and caudal 
hindbrain, the first post-mitotic MNs are detected at e9.0 
to e9.5 and MN genesis is complete by el0.5-ell.O (Nornes 
and Carry, 1978; Figure 16A; our unpublished data) . 
Expression of HB9 was first detected in the spinal cord at 
e9.25 to e9.5 (Figure 14; data not shown) . During the early 
phase of MN generation (when 10-25% of the total number of 
MNs_destined_ tq_ _fprm _at__ a specific axial level have been 
generated) , the expression of HB9 was largely coincident 
with that of Lim3 (Figure 14A; data not shown) , and 
HB9 + /Lim3 + cells that lacked Isll expression could also be 
detected (Figure 14E) . However, during the peak period of 
MN generation (25-60% of total MN number) , many medially 
located Lim3 + cells lacked HB9 expression (Figure 14B-D) and 
the expression of HB9 and Isll coincided in virtually all 
cells (Figure 14F-H) . At elO.O, near to the completion of 
the period of MN generation (60-85% motor neuron genesis) , 
HB9 and Isll expression also coincided, but by this stage 
many of the more lateral and thus more mature HB9 cells had 
lost Lim3 expression (see Figure 17A, E) . Within the 
developing spinal cord, HB9 expression was detected in all 
MNs, regardless of their eventual somatic or visceral 
subclass identity (data not shown). However,- a more 
selective profile of HB9 expression was detected at caudal 
hindbrain levels. Here, HB9 expression was restricted to 
somatic MNs of the hypoglossal nucleus and no expression was 
detected in cranial level MNs of visceral identity (data not 
shown, but see Briscoe et al . , 1999). Notochord cells also 
transiently expressed HB9, from e8.5 to e9. 5 (Figure 14 A- 
D; data not shown) . 

Comparison of the patterns of expression of L,im3 , HB9 and 
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Isll raised the issue of the relationship between the time 
of onset of HB9 expression and the exit of MNs from the cell 
cycle. To assess this issue we determined over the period 
e9.5 to elO.O, the incidence of overlap in expression of HB9 
" "5 ~ with MPM2-, - a marker of -M -phase cells - (Westendorf _et„ al . ,_ 
1994), and with cells labeled by a brief BrdU pulse. The 
incidence of coexpression of MPM2 and HB9 by individual 
cells varied markedly according to the fraction of total 
number of MNs generated at particular axial levels of the 
10 spinal cord. We focused our quantitative analysis of HB9 and 
MPM2 expression at caudal cervical levels of the spinal 
cord. The incidence of MPM2/HB9 coexpression was greatest in 
C3 younger (e9.5) embryos in which only 10-25% of the total 

— number_ _of _ MNs had been generated _ ^Figure 141; data not 

fy 15 shown) . In slightly older (e9.75) embryos, when MN 

iy generation was approaching its peak {25-6 0% of motor neurons 

Iq generated) , very few MPM2/HB9 colabelled cells were detected 

£0 (Figure 14J-L) . During the later phase (elO.O) of motor 

!L neuron generation (>60% motor neurons generated) , few if any 

id 2 0 HB9 cells coexpressed MPM2 (data not shown) . BrdU labeling 
^ analysis of e9.5 to elO.O embryos revealed that at early 

,5 stages of motor neuron genesis, BrdU"VHB9 + cells could be 

M detected (Figure 14N) , but during the peak and late periods 

of motor neuron genesis, the number of BrdUVHB9 + cells 
25 decreased markedly (Figure 14 O, P) . In contrast, many 
BrdU*/Lim3 + cells were detected in the ventral domain of 
motor neuron generation throughout the entire period of 
motor neuron genesis (Figure 14M; data not shown) . These 
data indicate that HB9 is expressed by some Lim3 + MN 
30 progenitors during the early phase of MN genesis, but also 
suggest that during the peak period of MN genesis, many 
cells initiate HB9 expression after the onset of Lim3 

expression and coincident with the onset of Isll expression, 

apparently as they acquire a post -mitotic state. 
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Generation of Hfe£ Mutant Mice 

To examine the role of HS2 in early MN development, we 
generated targeted .11-1.. of Hb£ by homologous 
^combination in mouse E S cells. Three alleles were 

"generated, each containing 9-e and cDNAs encoding 

different marker proteins under the control of an IRES 
sequence (Ghattas et al . , 1991; Mombaerts et al . , i9»«>, 

, t a Bii-iv)- i/ an SV40 nuclear localization 

(Fiqure 15 A, oil j-v; . -w 

. i =^<7 fnl-.0 nlslac2 ) (Fiqure 15 D) , 11/ 
signal (nls) fusion with lacZ (Hb9 ) ^9 

■ 1=^-7 MTh.o taulacZ ) (Fiqure 15E, F) and ui/ a 
» t-^u fusion with lacZ iriyu 

tau fusion with a multimerized myc epitope (Hba^) (data 
not shown,- see Figure 18K) . Mice homozygous for each of the 
targeted alleles were born at normal Mendelian frequencies 
- (TaSle-ir but- "died- at -or-soon -af ter, birth idata not^hown) . 
The cause of death has not been defined but may involve 
respiratory failure, since the lungs of Hfes, mutant neonates 
were not inflated (data not shown) . 
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Table 1. Generation of Mutant Embryos 

Number Number Genotype 



Hb9 

nctazZ 

Hb9 
taumyc 



Hb9 
Total 



taulacZ 



of 

Litters 
14 



6 

26 



of 

Embroys 

8 8 

44 

41 
173 



27 
12 
9 

48 



■+/■- 
40 

22 

22 
84 



-/- 
21 

10 

10 
41 



"to "determine" whether- the -targeted -^2 alleles represented 
null mutations, we examined the expression of HB9 in 
heterozygous and homozygous mutant embryos at el0.5. In the 
spinal cord of heterozygous Hb9*^ embryos, the expression 
of lacZ and HB9 coincided (Figure 15 F, G) . In mice 
homozygous for the Hb9^^ allele, the number and position 
of lacZ cells was similar to that in heterozygotes , but no 
expression of endogenous HB9 was detected with either N- or 
C-terminally directed antisera (Figure 15 G,H; data^ not 
shown) . Similar results were found in homozygous Hb9^- and 
Hbgtaggc mutants (data not shown) . These results indicate that 
the targeted Hb9 alleles represent null mutations and also 
that the integration of lacZ into the Hb9 locus does not 
perturb the pattern of gene expression. The spatial pattern 
of endogenous HB9 expression was also mimicked in transgenic 
mouse embryos that expressed -galactosidase (lacZ) under the 
control of a -9kb 5' fragment of the mouse Hb9 gene (Figure 
ISA, Bi, C; data not shown; see Experimental Procedures) . 

The persistence of lacZ expression in Hb9^ mutants 
indicates that the maintained expression of Hb9 does not 
require positive autoregulation. We noted, however, that 
the level of lacZ expression was much greater in homozygous 
than in heterozygous Hb9*^ embryos (data not shown) . To 
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t eat whether this increase results from a function of HB9 in 

the repression of its own expression we compared the level 

of lacZ expression in Hb9^ / Hfea^§ mutant embryos with 

in H b9*^ heterozygous embryos. The level of lacZ 

. , fnlH oreater in the compound mutants than 

expression was >5 fold greater mi. r 

in Hb9 t^I heterozygotes (Figure 15E.F), even though both 
lets-oTe^ryos expressed only a single Hb9^ allele. Th.s 
result indicates that HB9 represses, directly or indxrectly, 
its own transcription. 

Mot or Neurons are Generated in Normal Numbers in ffi9 Mutant 

"^transient expression o£ HB9 by the notochord led us to 
" examine^ whether" -the " ^V* H6£- function affe^^e 
establishment of progenitor cell domains within the ventral 
nLral tube. At elO.S, the expression of «* P»6 -d 
IZ2 2 in the ventral spinal cord and hindbra.n of 
homozygous Hb9°l^ embryos was indistinguishable from that 
in heterozyg^r wild type littermates (data not shown . 
Thus" Shh signaling and the establishment of 
vential progenitor cell domains appear to be unaffected in 

Hb9 mutants . 

„e next examined whether the initial generation of post- 
mitotic M*s is affected by the loss of Kb* ™U 
expression was detected in the ^/yos at a 

ventral spinal cord in homozygous Hb9 embryo 
position and number identical to that in heterozygotes 
figure 15 G, H, !6A) . The expression of lacZ persisted in 
Is throughout embryonic development in both ^""^ 
and homozygous Hb9^ mutant embryos (Figure 1«B. F, data 
not shown, . Thus, cells in Hbs mutant embryos retai J - 
identity, as assessed by the transcription of HbS itself. 

n addition, the total number of !sll MNs generated between 
l 9 5 and elO.5 was similar in heterozygous and homozygous 
„ b9 n^ emnryos (Figure 17E, F. a, data not showxO 
^ov7r, the expression of rft-nnn »rnr yl transferase 
by MNs persisted in homozygous HbJ^ embryos (see Figure 
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19B . c, data not shown,. Together, these results indicate 
Hi HB9 is not retired for the initial specificate of MN 



identity 



Defects in Motor Neuron Migration in Hb2 Mutant Servos 

-~ ^.rmine whether aspects of the differentiation of post- 
Jtot'ic MNs are affected by the loss of Hb2 function we 
I ir st examined whether the overall spatial organization of 
me within the spinal cord and caudal hmdbram was 
affected. A marked defect in the pattern of MN migration was 
detected in B* mutants. In wild type and heterozygous 
Hb9 ^ embryos examined at eio-ell. all MN cell bodies are 
^I^d to the spinal cord (Figure 15D. P. O, data not 
-Xow-nT, " rn-contrast r -in- homozy^Hb^SSSL embryos . _-B* of 

2 neurons were detected outside the spinal cord, »x 
the ventral roots (Figure 16B) . These extraspmal lacz 
neurons, like their counterparts within the spina 1 cord 
coexpressed 1.11 and 1.12 (Figure ISC; data not shown) HB9 
H one of the few transcription factors that distinguishes 
me from dorsal root ganglion (ORG, neurons, raising the 
Possibility that the detection of extraspinal lacZ ^ neurons 
In HbS mutants was a result of their conversion to a DKG 
neur^T identity. However, ectopic lac Z neurons did not 
Txpre- the sensory neuron-specific POU domain protein 
Brn3 0 (Figure 16D) , arguing against their sensory neuron 
character. These findings reveal a role for HB9 in confining 
the cell bodies of MNs to the spinal cord. 

The settling pattern of the MNs that remained within the 
S pinal cord and caudal hindbrain was also disrupted . ^ 
mutants. At caudal hindbrain levels in heterozygous 
embryos, somatic hypoglossa! MNs form a 

n Q-irrnlari v, at cemc-ai and lumoar 
nucleus (Figure 16E) . Simiiar.y, 

: s of th! spinal cord a clear separation of «*» 
column (MMC) MNs and lateral motor column <!»» MNs is 

., (-(-• t \ Tn contrast, in homozygous 
normally evident (Figure 16G, I). In contra ^ 

Hb9 oUis* mutants th ere was a marked disperse of MNs xn the 
SglcTof the hypoglossal motor nucleus (Figure 16F) and no 
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clear separation of MMC and IMC neurons was evident at 
cervical and lumbar levels (Figure 16H, J) . These results 
suggest that the migratory and settling patterns of MNs that 
underlie the formation of discrete somatic motor nuclei at 
cranial levels," and of the major somatic motor columns, at 
spinal levels are disrupted in Hb9 mutants. 

Persistent Expression of 1.1*3 and Gsh4 by MNs in Hb9 

in wild type embryos, the expression of the I.IM-HD proteins 
"m3 and^sh4 is rapidly lost from most post-mitotic MNs 
(Tsuchida et al . 1994; Ericson et al . , 1997; Sharma et al 
1998) . To begin to address whether there are changes in the 
identity of MNs in Hb9 mutant mice, we examined the profile 
' ~of~ expression "of" IixtfOr andGsh4-. 



At elO.5 the total number of Lim3 cells was increased -2 
fold in homozygous Hbg*^ embryos compared to heterozygous 
embryos (Figure 17A-F) . Over 98% of lacZ cells in homozygous 
Hb9 Qt^ embryos coexpressed Lim3 , compared to 23 . 
^e^ygous embryos (Figure 17A, B, D) , indicating that the 
increase in Lim3 neurons results from persistent expression 
in MNs - The persistence of Lim3 expression was widespead, 
occurring in post-mitotic MNs at all spinal levels and in 
^hypoglossal motor nucleus at caudal hindbrain levels 
(da ta^ot shown) . In contrast, the nun*er and position _of 
L im3 progenitor cells (defined as medial L im3 , lacZ Isll 
cells) was unaffected (Figure 17A, B; data not shown) . The 
expression of Gsh4 by MNs was maintained in a manner similar 
to that of Lim3 (data not shown) . These results reveal that 
HB9 is required for the rapid extinction of L im3 and Gsh4 
expression from most somatic MNs, soon after their exit from 
the cell cycle. However, the deregulated expression of Lim3 
and Gsh4 by MNs in Hb9 mutant- embryos was not sustained.. By 
el2 5 to el3.5, the number of L im3 cells in homozygous 
Hb9^ embryos was only 10-15% greater than in heterozygous 
(Figure 17C, H) , and there was a ~~esponding 
decrease in the nunter of cells that coexpressed L 3 and 
lacZ (Figure 17D) . Thus, factors other than 
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eventually sufficient to extinguish U»3 and Gsh4 expression 
from most somatic MNs . 

Motor Neurons Transiently Acquire V2 Intemeuron Character, 
in the Absence of Hb9 Function 

What is the consequence of the persistent expression of Lim3 
and G sh4 by MNs? In wild type embryos, Ll-3 progenitors give 
rise to both MNs and V2 interneurons (Ericson et al . . 
199va) but V2 neurons can be distinguished by expression of 
the ho.eodo.ain protein Chx!0 ,Hu et al . . 1994.- -icson et 
al 1997a). Since Lim3 is sufficient to indue ectopic 
ChxlO expression in spinal interneurons (Tanabe et al 

"^98l^ wa ? reasoned -that" the- persistence -of -Lim3_ e spression_ 
in homozygous Hb« embryos might lead MNs tc . acquire 
properties characteristic of V2 interneurons. ^ ^ 
we examined the expression of chxio in homozygous Hb9 

embryos . 

The total number of ChxlO neurons was increased 2-3 fold in 
homozygous Hb9E^ embryos examined over the period ,10. S to 
el2 5 (Figure 18 A-F) . To determine whether the increase in 
ChxlO neu'rons reflects expression in MNs, we examined the 
incidence of coexpression of ChxlO and lacZ. 
"egression of ChxlO and lacZ was detected in heterozygous 
r b9 2i embryos, whereas in homozygous HbSE^S embryos SO 
;TIac7 cells coexpressed ChxlO (Figure 1SB, C) and many of 
fhese cells also expressed Isll (Figure 18E, FK I» 
homozygous Hb^Si embryos, MNs did not express Enl a 

homozygo rt «,_ ive from progenitors that do 

marker of VI neurons that derive trom p a ,097.) 
not express L im3 (data not shown, Ericson et al . , 1997a). 



MNs 



Thus, the acquisition of interneuron properties^ by 
appears specific" to markers of V2 neuron 

L im3 and Gsh4 expression are eventually ^^l lZ 
somatic MNs in Hb^ mutants, we examined whether ^ the 
ectopic expression of ChxlO was also transient. Ectopic 
ChxlO expression was lost from MNs over the period elO 5to 
el3 5 whereas expression in V2 neurons persisted (Figure 
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18C F- data not shown) . Thus in the absence of Hb9 function, 
MNs' maintain expression of Lim3 and Gsh4 , albeit 
transiently, and apparently as a consequence, acquire 
- expression of the V2 neuron marker ChxlO . 

5 The expression of ChxlO by MNs in Hb9 mutants raised the 
issue of whether these neurons still project axons in a MN- 
like trajectory or acquire the projection pattern of 
neurons, a class of ipsilateral spinal project » 
10 interneurons (Sharma, Jessell and Pfaff , unpublished data) . 

We therefore examined whether ChxlO', lac* , Islf neurons 
projected axons into the periphery in Hb9£^ mutants After 
injection of HRP into the proximal region of the developing 

iimb~~ "in "ell 7s~ -homozygous - H b9^- embryos ,- .many _CtaA_0_._ 

15 Isll/2* neurons were labeled (Figure 18H, J) . In contrast, in 
heterozygous m**** mutants, labeled iall/2*. lacZ* MNs did 
not express ChxlO (Figure 18G, I) - These results show that 
in Hb9 mutants, many neurons that express the V2 neuron 
m arkIr~ChxlO continue to project axons out of the ventral 
20 root and thus retain an axonal projection characteristic of 



MNs 



25 



These findings do not exclude, however, that a fraction of 
the ChxlO MNs in homozygous m>9°UUfl embryos acquired an 
axonal trajectory characteristic of V2 neurons. « 
we analyzed parasagittal sections through the ventrolateral 
funiculus of the spinal cord of e!2.5 heterozygous and 
homozygous m*«— embryos. «e used the alleXe for 

this analysis since the intensity of labeling and 
discrimination of intraspinal axons was greater than with 
the Hb 9^ allele (data not shown) . In both heterozygous 
andl^Tgous Hb9^ embryos, myc-labeled axons were 
" detected in the ventral roots (Figure 1SK, W . but myc- 
labeled intersegmental axons in the ventral funiculus were 
35 not detected (Figure 18M. N; data not shown) . Thus the 
ectopic expression of ChxlO by MNs appears not to 
sufficient to reroute axons along an intraspinal trajectory. 
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The Emergence of MN Subtype Identity is Disrupted in Hb9 
Mutants 

The early alteration in migratory behavior and in the 
profile of transcription factor expression by MNs in Hb9 
mutants prompted us to examine- whether the later molecular 
proarams that define aspects of MN identity are affected. We 
first examined whether the profile of expression of 1*11, a 
LIM-HD protein that is initially expressed by all post- 
mitotic MNs , is altered at later stages in Hb9 mutants. 

Although the initial number of Isll MNs was not altered by 
the loss of HB9 function (Figure 17G) . from el0.5 onwards 
there was a progressive decline in the number of Isll 
-nearcm*^-By-ea3,-5-ihe_n^ 
homozygous Hb9S^<* embryos was only -30% that m 
heterozygous or wild type embryos (Figure 17G) . The loss of 
isll expression was not the consequence of the death of MNs 
since no increase in TUNEL- labeled cells was detected in the 
ventral spinal cord over this period (data not shown) , and 
the total number of lacZ cells was not reduced. Thus, 
despite the initial generation of MNs in normal numbers in 
homozygous Hhgni^ embryos, a marked disruption in the 
dynamic profile of expression of several LIM-HD proteins 
soon becomes evident . 

By el2 5-el3.5, MNs have acquired distinct class, columnar 
and pool identities that can be defined by the expression of 
specific molecular markers (Figure 19A) . We therefore 
examined whether the expression of MN subtype markers is 
affected by the loss of HB9 function. 

™ ri»q W identity : The segregation of spinal MNs into 
somatic and visceral classes was maintained in Hb9 mutant 
embryos. Somatic MNs can be identified at el2.5 by 
expression of Isl2 (Tsuchida et al . , 1994) and at this stage 
the number of Isl2 neurons was similar in homozygous and 
heterozygous Hb9aiMgcz mutants (Figure 19D, E; data not 
shown) . Thus, somatic MN differentiation occurs in the 



absence of HB9 function. 

m the spina! cord, visceral MNs are generated predominantly 
t „orLic levels and can be defined by their locat.cn 
: thTn the intermediate- "Sgion "(Barber « «*. r «ar k ham_. 
and Vaughn, 19 9D . and molecularly. by their expression of 
tnicotinamide adenine dinuclotide phosphate dxaphorase 
-mcotiua The number of 

(NADPH-d) activity (Wetts et al . . 1995) - The 

nriq in the intermediate spinal cord that expressed 
neurons m tne xn nisiacz muta nts 

NADPH-d neurons was markedly reduced in Hb9 mu ta 

,„ ol 7 (Fiaure 19F, G; data not shown). The 

r"" 1 :™ e^^siln 9 Ilever, was much more marKed in 
Z al y^oated Teurons and .any laterally located N »PH-d 

extent of Ch^T expression by M»s in medial regions of the 
Intermediate spina! cord was also ■^« i <^»^~^ 
mutants (Figure 19B, C; data not shown). LacZ 
Su^nl were, however, detected at approximately normal 
u "! rs wichin both the medial and lateral regions of the 
numbers witam ^ nisiacz pmbrvo s (data 

intermediate spinal cord in homozygous ym= e ^°° ' 
not shown) . suggesting that the differentiation rather than 
the generation of visceral NNs is affected by the loss of 
Z function. The generation and differentiation of visceral 
Z t caudal hindbrain and cervical spinal cord levels was 
not affected in Hb2 mutant embryos, consistent with the 
finding that cranial visceral KNs do not express 
(Briscoe et al . , 1999). 

^--V-*,- ™.„ t itv, we next examined the -^essior ' £ 
Secular markers that define the columnar subtype identity 
7f HH- By .12.5-13.5.-^ ». are normally 
the medial MMC (Figure 19H) but in homozygous HbJ_ 
e^rvos Lim3 MNs were more widely dispersed througnout the 
L r C To^in (Figure 191) . 

reflect the persistence of expression of Lim3 by many MHs, 
I! "rovides evidence that neurons with a molecuiar profile 
characteristic of the medial MMC are displaced in B* 

mutants . 
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The differentiation of MNs within the LMC was also disturbed 
in Hb9 mutants. At limb levels of the spinal cord, the 
expression of Ret inaldehvde de hydrogenase 2 ( RALDH2 ) , a 

generic mar leer "of- LMC — neurons —(Zhao- — et -— a-1- , — 1.9.96..;- 

Sockanathan and Jessell, 1998), was markedly reduced in 
homozygous Hb9^^ embryos (Figure 19J, K) . Moreover, the 
differentiation of MNs within the lateral subdivision of the 
LMC, characterized by coexpression of Isl2 and Liml was also 
greatly reduced (Figure 19L, M) . Nevertheless, some lateral 
LMC MNs were detected, suggesting that the columnar 
subdivision of the LMC is not completely abolished in Hb9 
mutants. 



mm Pool Identity : Within the LMC, distinct motor pools can 
be distinguished by expression of the ETS proteins PEA3 and 
ER81 (Lin et al . , 1998; Arber, Lin, Shneider and Jessell, 
unpublished data) . A marked reduction in the expression of 
PEA3 and ER81 was detected in LMC MNs , both at forelimb and 
hindlimb levels. At forelimb levels, for example, a medial 
LMC-derived motor pool that innervates the pectoralis muscle 
expresses PEA3 (Figure 19N) . In homozygous Hbgni^^ embryos, 
PEA3 expression was almost completely absent from MNs at 
this axial level (Figure 190) . The disruption in expression 
of ETS protein expression was generally more severe than the 
loss of columnar markers (data not shown) . ER81 and PEA3 
expression by subsets of dorsal root ganglion neurons was, 
however, not affected in homozygous Hb9gi^ embryos (Figure 
19N, O; data not shown). Taken together, these results 
reveal that the elimination of HB9 function results, 
directly or indirectly, in a disruption in the establishment 
of the class, columnar and pool identities of MNs 
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„ ,i D „ fnr i e8 in Hb9 Mutant Mice 
D ef«=ts in Motor Axon ^ — disruption in the 

What are the consequences of the marked id P 
Secular program of « differentia fo the^ 

-of ».7. TO begin to address^- - _ thBtr _p. rl ph.r.l 

the projection of motor axons row 

targets is altered in Hb9 mutant embryos. 

= m-Q tautacz embryos examined at ell. 5, the 
In heterozygous Hb^ ^ ^ expression coincided 

Pat r C L traTec" or^es of somatic MHs (Figure 20A; data not 
„ lt h the tra^ectori examp le at hindbram 

shown; see Ericson et al . . 1997.). cord 

^^^!^ J ^tsI_were_deline f ted ** laCZ 
axon s in the jen ^ peripheral-motor-- - 

expression .Figure ■ * homozygous Hb« embryos 

axons were also detect indicati ng that HB9 is not 

(Figu re 2.B-D, data not shown. axonB int „ the 
retired for the ™"£JT^ marked . albe it variable, 
periphery. However, there we motor axons ln 

defects in the more distal ^~ e "~ data not shovm) . 
homozygous Hb ?^ embryos (Figure 20 > data 

one of the most dramatic dl^ J caudal 

^fects in motor axon tra]eccory , 

-i i hvDoqlossal motor nerve 

hi ndbrain levels. The hyp g ^ ^ ^ ^ 

absent completely or seve y prese nt with an 

— rrjaoecTor; in o^l; (Figure 2.C, . 

apparently normal trajectory 

v ^ traiectories in Hb9. mutants led 
The disruption in motor axon "^ CC ° soroacic motor 

us to examine whether the manor branches . . vsis o£ 

n limb reqions were formed. Analysis or 

ax ons to — 1 ^ d r 1 n 1 e t, e r inching both in embryos stained 

rr^~^-~~ — Trje^rj 

aet ect in the oration . ^ ^ of 
muscle branch point and at the pie g _ jfegl^ 

the fore- and ^^TIZTZ^™* - ^ 
fascicle TwgureToA, E, ^) ^ whereas in homozygous e^ryos 



mo tcr axons were dispersed and def asciculated (Figure 20 B 
™ G H - data not shown). Nevertheless. motor axon 
projections to axial muscles were detectable in homozygous 
Hb 9 iUu and Hb^^ embryos (Figure 20E-H; data not shown) . 
^Trly. "distinct -motor axon, benches projected into the 
dorsal and ventral halves of the limb mesenchyme in Hfc2 
mutant embryos (Figure 20D. G> . Thus, there are marxed 
defects in the peripheral organization of motor nerves at 
sites of critical motor axon pathfinding decisions, although 
the major peripheral axon branches of somatic MNs are 
present . 

Defects in Muscle Innervation by Motor Axons in HbJ> Mutants 

-The-defect^in_ t he_perAph^al_orga_nization^f motor nerve 
branches in Hbs, mutants led us to examine-whether- there are- 
also defects in the innervation of target muscles. Me first 
analysed the innervation of limb muscles in late embryonic 
stage (.17.5) embryos, using GAP-43 expression to visualize 
peripheral axons and -bungarotoxin labeling to delineate 
clusters of acetylcholine receptors (AChR) on the muscle 
surface. We detected- no obvious defect in the pattern of 
motor innervation or in AChR expression in fore- and hmd- 
limb muscles in HbJ> mutant embryos (data not shown) . 



Hb* mutant mice die soon after birth wxth u„ ~ 
we therefore considered the possibility that the 
innervation of the diaphragm muscle by phrenic MNs might be 
affected. In the diaphragm of wild type and heterozygous 
HbsDMSi neonates, AChR clusters were restricted to a central 
of the muscle that coincided with the position of 
muscle innervation (Figure 201, . In contrast, in homozygous 
„ b9a ul^ mice, AChR clusters were present but distributed 
^eTTmuch wider region of the muscle surface (Figure 20 J) 
Many of these scattered AChR clusters were abnormally small 
(Fig ure 20J, data not shown), and the £ ^ 

diaphragm muscle was markedly reduced in homozygous H^— 
embryos (Figure 20K, M . In addition, in the diaphragm of 
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wild type and heterozygous HbS^mice. AChR dusters were 
Invtr^bly associated with GAP43.1abeled nerve terminals 
mvariaDiy aD Tn ~ ntsiacz m i ce many 

(Fioure 20K) . In contrast, in homozygous Hb9 mice. y 
^clusters were not associated with GAPO-labeled nerve 
-inches (-Figure -2.0L)-. Extensive axona L sprouting was also 
„ ected in regions of the diaphragm close to ^he point of 
entry of the phrenic nerve (data not shown,. These 
Nervations reveal a marked defect in the i~ . of 
certain skeletal muscles in Hfe2 mutant embryos They also 
rtlse the possibility that the perinatal lethality of Hb2 
21Z anills results, at least in part, from the diaphragm 
denervation phenotype . 

-Discussion r 

This paper provides " evidence— that " many" "aspects- of-the_ 
Differentiation of post-mitotic MNs in the mammalian spinal 
cord depend on functions provided by the homeobox gene H6JL. 
our flings add to an understanding of the molecular steps 
^ differentiation in two main ways. They provide genetic 
evidence that the signals involved in the generation of MNs 
Ti le dissociated fx™ the later steps that consolidate MN 
^entity. m addition. they provide evidence that a 
transcription factor expressed at an early stage in the 
dl ferent'ation of all spinal «.. has an essential function 
in the acquisition of MN subtype identities. Thus, they 
Provide Z initial. insight into the hierarchical 
rellttonship of the • transcription factors that define 
LWnct functional subsets of «, in - deve ^ g ^al 
cord we discuss the possible roles or 

progressive specification of MN identity that are suggested 
by this analysis of the Hb9 mutant phenotype. 
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. _ . _ TTa-rlv Motor Neuron. 
. hb 9 Function in tarxy ™-»ww 

A Requirement for 

Development i at - P .=taae Lim3* MN 

At th e earliest stages of MN genesis, late stage U 



Alitor, express HB9 . However. during the 

• onset of HB9 expression by most cells 

r ^i; in newly generated post-mitotic MNs^ 
with this, the loss of ** ^ction has no 



consistent — ' ^ „ q( spinal „. initially 

d ;:::a r tea Th " th : « »t« t -±c. 

Srldefthat the relevant peri, , of expression and function 
7 ^Ti. in postmitotic MNs. Previous studies have 
iLlT'ed ^ differentiation in mice lacking Isli. a I« 
analyzed mm d a i mos t exclusively by post- 

mitotic ™. 1996 Er icson, Kama and 

apoptotic death, (Pfaff =t 

jessell. unpublished data) , hindering an analysis of later 
sills in ^ differentiation. Isll is initially expressed by 

£Ti- KB -ant mice but .any "^^'taken 

nesoite this, MNs survive. This result, 
together ^(i th\he more drastic » phenotype of ^ mutant 
It!: Suggests that «»s may retire *sH - °™e 
on ly during a brief critical period, soon after cy 

exit - 

A Hole for HB9 in tne Consolidation of the Motor Heuron-V2 

xntemeuron Xdentit, y2 intern „ are marked 
T „e progenitors of both «. an redundant 

* fn « mutant enfcryos provides 

emerged from studies in chick (Tanabe et al. ,1998) tha 
„_,,„. claS s of homeodomain proteins has a role i 
Z tii « -ther than V 2 intemeuron identity within the 
ntral spinal cord. In the chick, ectopic expression of 
aid suppresses the generation of V. interneurons 
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and promotes MN differentiation, providing gain-of -function 
::tdence that W and KB* nave such a neuronal subtype 
Elector function. The present studies provide complementary 
loss-of-function evidence that HB9 serves such a function in 
"hST « t -ini- to- repress- the- -expression^ 
character and thus to consolidate MN fate (Figure 21) . These 
results have the additional implication that 
Stabilization of MN rather than V2 interneuron identity may 
not be achieved until after MNs have left the cell cycle. 

At a molecular level, the HBS-dependent consoi; iation of MN 
phenotype is likely to be mediated through the £ 
Lm3 (and Gsh4) (Figure 21) . In mutant embryos, the 

--e^Lsi=n--of-L-im3-and^ 
If abnormally long period, implying that HB9 normally 
functions, directly or indirectly, to repress th. -pr.~xon 
of Hm3 and Gsh4 . In the chick, ectopic expression of Lim3 
is sufficient to induce V2 intmeuron markers m a cellular 
context in which MNR2 and other MN homeodomain P~f »• •» 
not expressed (Tanabe et al . . 1998). It is likely, 
therefore, that the persistence of Lim3 and Gsh4 expression 
in L mutants is responsible for the ectopic ° n °* 

ChxITby MNs (Figure 21, . Nevertheless. MNs do not undergo 
a compLte switch to a V2 interneuron identity m B* 
mutants. The incomplete and transient nature of the switch 
" a V2 interneuron identity may reflect the prior action of 
Progenitor, cell factors that initiate the process of MN 
specification. 

M important issue raised by our findings is that of the 
Respective roles of HB9 in the development of -use and 
chick MNs. in the chick. HB9 expression is resmc«a to 
post-mitotic MNs whereas MNR2 expression is • 
much earlier stage, in MN progenitors (Tanabe et al . . 199*). 
" contrast, in mouse. HB9 expression is detected in ^some MN 
progenitors at early stages of MN genesis^ But ^ over the 
peak period of MN generation, our data provide 

^ rvF HB9 is delayed with respect to that or 
the expression or HBy is " eia 7 c 
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Lim3 and appears coincident with that of Isll. Thus, HB9 
appears to be expressed at a slightly earlier stage in the 
progression of' MN differentiation in mouse than is its 
counterpart in chick. Nevertheless, the profile of 

-expression -of— mouse HB-9— does not . ..include, an early_ and 
prominent phase of expression in MN progenitors, a profile 
characteristic of chick MNR2 . A mouse MNR2 homolog has net 
been isolated to date, however (C. William and Y. Tanabe; 
personal communication) . Thus, we cannot exclude that in 
mouse, HB9 has subsumed the functions performed in chick by 
MNR2. If this is the case, the finding that MNs are 
generated in normal numbers in Hb9 mutants would argue for 
the existence of a MNR2/HB 9 -independent pathway of MN 

-generation^ As discussed previously (T ana be et a l . , 19 98), 
such a pathway must operate at least in the hindbrain since 
neither mouse nor chick cranial visceral MNs, nor their 
progenitors, express MNR2 or HB9 (Tanabe et al . , 1998; 
Briscoe et al . , 1999). The ability of MNR2 and HB9 to 
induce a coordinate program of MN differentiation in chick 
spinal cord, together with the MN phenotype detected in Hb9 
mutant mice does, however, support the idea that this 
homeodomain protein subfamily has an important, if as yet 
incompletely defined, role in early MN differentiation. 

The Acquisition of Motor Neuron Subtype Identities is 
Impaired in Hb9 Mutant Mice 

The early post -mitotic period of MN development is 
accompanied by the differentiation of functional subsets of 
MNs that can be defined both in terms of their anatomical 
organization and by expression of specific molecular markers 
(see Figure 19A) . Many aspects of the differentiation of 
distinct MN subtypes, including columnar divisional and pool 
identities, are markedly affected by the loss of Hb9 
function (Figure 21) . 

These defects in MN subtype identity could simply be an 
indirect consequence of the persistence of expression of 
Lim3 and Gsh4 and/or the ectopic expression of ChxlO. 
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Nevertheless, defects in the columnar and pool identities of 
MNs are evident well after the phase of deregulation of 
Lim3, Gsh4 and ChxlO expression has subsided. Thus, it 
remains possible that HB9 has a more direct role in the 
5 specification of MN subtype identity. HB9 could, for 
example" function as a cdf actor" in"a "series "of "independent 
molecular programs that regulate the emergence of columnar, 
divisional and pool subtype identities. Alternatively, HB9 
could act at an early point in an obligate sequential 

10 program of somatic MN differentiation that progresses from 
columnar ' to divisional to pool identity. One line of 
evidence that argues against a strict requirement for 
sequential programs of MN subtype differentiation derives 
from the observation that retinoids appear able to impose a 

r5™ "lateral — LMC character— on -thoracic— 1-evel-MNs— that —have -not- 

acquired a generic L.MC character, (Sockanathan and Jessell, 
1998) . Thus, MN divisional character, at least, may be 
acquired independently of columnar character. 

2 0 The proposed roles of the MNR2/HB9 proteins in regulating of 
MN subtype identity- may have some parallels with the 
functions of the Phox2a/b homeodomain proteins in the 
specification of sympathetic neuronal fate (Goridis and 
Brunet, 1999; Lo et al . , 1999; Pattyn et al . , 1999). Phox2 

25 proteins are necessary for the induction of transmitter 
synthetic enzymes and other features of sympathetic 
neuronal differentiation. In addition, at hindbrain levels, 
the Phox2 proteins are expressed selectively by visceral 
MNs, in a pattern complementary to that of MNR2 and HB9 

30 (Goridis and Brunet, 1999; Briscoe et al . , 1999). It is 

possible, therefore, that the segregated expression of these 
two families of homeodomain proteins contributes to 
distinctions in, somatic and visceral subtype identity of 
cranial MNs . 
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Perturbed Motor Neuron Migration and Axonal Projections in 
Hb9 Mutants 

The loss of Hb9 function results in marked defects in the 
migratory and settling patterns of spinal MNs . The most 
striking migratory defect in Hb9 mutants is the failure of 
many MN cell bodies to be retained within the spinal cord. 
These defects in MN migration are accompanied by marked 
errors in the pattern of axonal projections of somatic MNs. 
There is, however, variability in the precise nature of the 
errors in moto^ axon projection between mutant embryos. One 
consistent axor al projection phenotype in the spinal cord of 
Hb9 mutant mice is a pronounced def asciculation of axons, 
evident at the branch point of axial and limb- directed motor 
axons, and also at the plexus region at the base of the 
"limbs". This — fielding" "ra "ises - 1 h~e~ pas s i bi li ty — t hat — adhesive- 
interactions between motor axons and/or the ability of motor 
axons to respond to extrinsic guidance cues are impaired in 
Hb9 mutants. 

Despite these defects, each of the major axonal branches of 
spinal somatic MNs,^-to axial muscles and to dorsal and 
ventral limb muscles, is present in Hb9 mutant embryos. The 
detection of overtly normal projections to axial muscles is 
not surprising since these axons originate from medial MMC 
neurons that normally retain expression of Lim3 and Gsh4 
(Tsuchida et al . , 1994; Ericson et al . , 1997; Sharma et al . , 
1998) . The detection in Hb9 mutant embryos of both dorsally 
and ventrally directed motor axon branches in the limb may 
reflect, in part, the residual differentiation of some 
lateral LMC neurons. Nevertheless, the axons of many MNs 
that have lost their LMC identities also appear able to make 
either dorsal or ventral projections into the limb bud. 
This finding is consistent with previous studies showing 
that thoracic level MNs that are committed to a MMC identity 
form dorsal and ventral axonal projections in the limb when 
transplanted to limb levels (O'Brien et al . , 1990; O'Brien and 
Oppenheim, 1990; Ensini et al . , 1998). It seems possible, 
therefore, that the acquisition of LMC divisional identity 



provides MNs with the ability to select appropriately a 
dorsal or ventral trajectory, rather than embarking along 
one or other trajectory at random. The necessity for motor 
axons to project along either a dorsal or ventral path in 
the limb may reflect the presence of a non-permissive 
environment for axons in the" central" core" of the developing- 
limb mesenchyme (see Tosney and Landmesser, 19 85) - 

Taken together, our studies provide evidence that HB9 has an 
essential role in consolidating the identity of spinal MNs 
and in particular in supprf ssing the expression -of V2 
interneuron character. Since HB9 expression persists in 
adult MNs it is possible that its activities help to 
maintain the differentiated properties of MNs into post- 

nataT" lahd~ adult ~ "lif e~ Defining— the— direct- ^downstream. 

targets of HB9 may help to clarify further how the molecular 
and functional properties of MN subtypes are established. 

Experimental Procedures 

Generation of Hb9 Mutant and Transgenic Mice 

Mouse genomic clones- used in the generation of Hb9 mutant 
mice and transgenic lines were derived from a 12 9/Sv genomic 
library (Stratagene) . The transgenic TgN (Hb 9) SAX 16 line was 
derived from a construct that used a 9kb NotI fragment 
comprising the 5' upstream region of the Hb9 gene inserted 5' 
to an IRES-nls-lacZ cassette (see below) . The targeting 
vector for the production of Hb9 mutant mice was constructed 
from genomic fragments derived from a 9kB NotI fragment 5' to 
the first exon of Hb9 and a Hindlll clone overlapping with 
the 5' clone, but extending into the 3' region of Hb9. A 6kB 
5' Sse83871-NotI fragment spanning into the first exon of Hb9 
and an adjacent 3kB 3' Notl-Xbal fragment were cloned into a 
vector containing a Pmel site for linearization of the 
targeting constructs. NotI or Pad flanked targeting 
cassettes were generated independently (and comprised IRES- 
nls-lacZ, . IRES-tau-lacZ, IRES- tau-myc , a SV40 
polyadenylation signal and a lox flanked PGK-NEO cassette) . 
These cassettes were integrated into the basic targeting 



construct. For the generation of expression cassettes, 
marker genes were inserted downstream of an internal 
ribosome entry site (IRES) from encephalomyocarditis virus 
(Ghattas et al . , 1991), in frame with the ATG of a Ncol site 

_a.t the 3'_ end of _ the IRES (Mombaerts et al . , 1996). 

Linearized targeting constructs were elect roporated into W95 
ES- cells, selected w-ith G418 and screened for potential 
recombinants by Southern blot analysis. A lkB 3' Xbal-Xhol 
fragment was used as a probe to screen for ES-cell 
recombinants (Sall/Xhol digest) . This probe generates a 
2 0kB wild- type band and a 6kB mutant band. The average 
frequency of recombination for the four constructs described 
in this study was -1:20. Recombinant clones were injected 
into C57BL/6J blastocysts to generate chimeric founders that 
transmitted the mutant aTTele~~AlT "experiments present ed~in 
this study involved analysis of embryos derived from 
heterozygous 129Sv x C57BL/6J intercrosses. 

A 5' Fragment of the Hb9 Gene Confers Motor Neuron- Specific 
Transgene Expression. 

A ~9kb Notl fragment of Hb9 (Figure 15A, B i) was sufficient 
to direct a SV4 0-nlslacZ fusion protein to developing MNs in 
transgenic mouse embryos, examined at elO (Figure 15 C; data 
not shown) . The pattern of lacZ corresponded closely to the 
expression of endogenous HB9 (Figure 14; 15C and data not 
shown) . The restriction of transgene expression to somatic 
MNs was apparent at this stage at caudal hindbrain levels 
where lacZ, like HB9 was expressed by somatic hypoglossal 
MNs but was excluded from visceral vagal MNs (Briscoe et 
al . , 1999; data not shown). At sacral levels of e9.5-el0.5 
embryos both endogenous HB9 expression and lacZ expression 
in transgenic mice was detected throughout the neural tube, 
in the notochord and also in the primitive gut tube (data 
not shown) . 

In Situ Hybridization, Histochemistry and 

Immunocy tochemi s try 

For in situ hybridization analysis, sections were hybridized 



with mouse RALPH 2 and ChAT specific digoxigenin-labeled 
probes (Schaeren-Wiemers and Gerf in-Moser , 1993) . 
Antibodies used in this study were: monoclonal IgG anti-Hb9 

(N-terminal) , rabbit anti-HB9 (C- terminal ; kindly provided 
by S, „Pfaf f ) , Pax6, MPM2 , NF160, BrdU-FITC (Tanabe et al . , 
1998; Ericson et al . , 1997) , skeletal -actinin" Tsfgma) 7 
anti-Li-m-1/2 (Tsuchida et al., 1994) ; rabbit anti-Lim3, 
Isll/2, Isl2, Hb9 (N-terminal), Nkx2.2, ChxlO, Brn3 . 0 

(Tanabe et al . , 1998; Ericson et al . , 1997), GAP-43 (Aigner 
et al . , 1995), PEA3 (Arber et al . , unpublished, generated 
against the 14 C- terminal a. a. of mouse PEA3 coupled to KLH, 
used at 1:1000), myc (S. Morton and T.M. Jessell, 
unpublished, generated against the myc epitope (Evan et al . , 
1985) coupled to KLH, used at 1:8000), -Galactosidase 

( Cappel] 7 _ goat - anti T "^Galactosidase (Arnel )~7 ~HRP - ( Jackson 
labs); guinea pig anti-Isll (Tanabe et al . , 1998). Cryostat 
sections were processed for immunohistochemistry as 
described (Tsuchida et al . , 1994) using fluorophore- 
conjugated secondary antibodies (Jackson Labs) (1:500 to 
1:1000). Rhodamine labeled -bungarotoxin (Jackson Labs) was 
used at 1:2000. Images were collected on a BioRad MRC 1024 
confocal microscope . 

BrdU Labeling and Histology 

BrdU experiments were performed by intraperitoneal injection 
of BrdU (Sigma, 50 g/g body weight) 2 h before sacrifice. 
Detection of BrdU was performed as previously described 
(Sockanathan et al . , 1998). TUNEL assays were performed 
using a kit from Boehringer, NADPH-diaphorase reactions were 
performed as described (Wetts et al . , 1995), -Galactosidase 
whole -mount staining was performed as described (Mombaerts 
et al . , 1996) . 

Retrograde Neuronal Labeling 

20% HRP (Boehringer) , 1% Isolecithin (ICN) in PBS was 
injected into the limb of ell. 5 mouse embryos or into the 
ventral funiculus of e!3.5 spinal cord and incubated for 2- 
4h as described (Landmesser, 1978b) before fixation and 
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immunocy to chemical detection of HRP . 
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THIRD SET OF EXPERIMENTS 

During mouse embryonic development, Hb9 expression is first 
evident at the approximately 8 -somite stage (E8) in the 
_5 notochord, in the entire dorsal gut endoderm and in the 
ventral endoderm at the " prospective " pancreatic ~ level 
(Fig. 22a > and data not shown). In contrast, Pdxl at this 
stage is expressed only in the ventral pancreatic endoderm 
(Fig. 22b) . Thus, in the dorsal pancreatic anlage, the 

10 initiation of Hb9 expression appears to precede that of 
Pdxl, whereas in the ventral an*. age both genes are expressed 
concurrently. By E9 . 5 the level of Hb9 protein is reduced 
in both pancreatic buds and notochord (Fig. 22c, and data 
not shown). At E10.5, only a low level of Hb9 expression 

1 5 remain in ~~ the dors a 1 — pancreat-i-e- -bud — and — vi rtual ly no 

expression is detected in the ventral bud or in the 
notochord (Fig. 22e, and data not shown) . In contrast, Pdxl 
expression is maintained in both pancreatic buds at theses 
stages (Ohlsson et al . 1993; Ahlgren et al . 1996) <Fig. 

2 0 2 2d. f ) . Thus . cells in both the dorsal and ventral buds 
express Hb9 transiently at early embryonic stages. At later 
stages, Hb9 expression reappears in the differentiating 
pancreas. At E17.5, Hb9 expression was detected in the 
insulin-producing S-cells (Fig. 22g) but not in glucagon- 

25 producing a-cells (Fig. 22h) or somatostatin-producing 6- 
cells (Fig. 22i) . No Hb9 expression was observed in non- 
endocrine pancreatic cells Fig. 22, and data shown) . The S- 
cell -specif ic expression persisted in the adult pancreas 
(data not shown) . These results show that Hb9 is expressed 

30 in two distinct developmental phases, first during the 
evagination of the pancreatic buds and later in 
differentiating S-cells. 

To ...determine the role of Hb9 in the development of the 
35 pancreas, we analyzed mice in which Hb9 had been inactivated 
by homologous recombination in ES cells (Arber et al . 
submitted for publication) . E17.5 Hb9 nlstacZ mutant embryos 
exhibited an overtly normal gastrointestinal tract, although 



-134- 

the duodenum appeared expanded (Fig. 23a) . Analysis of the 
pancreas revealed that the dorsal pancreatic epithelial bud 
was absent, whereas the ventral bud was present (Fig. 23a) . 
The spleen, an organ that develops from the dorsal 
mesenchyme^ was present in Hb9 mutants (Fig. 23a), and 
analysis of B13.5 embryos showed that the mesenchyme that ~ 
normally surrounds the dorsal pancreas was present and 
appeared to have developed normally (Fig. 23b) . The lack of 
the dorsal pancreatic bud, therefore, appears to reflect a 
selective defect in the specification and development of the 
presumptive dorsal pancreatic epithelium. 

To determine the stage at which the development of the 
dorsal pancreas is perturbed, we analyzed E9.5-10.5 Hb9 nisiac2 

homozygous embryos by who le- mount detection of &- 

galactosidase (S-gal) activity. At E9.5, S-gal activity was 
observed throughout the dorsal endoderm of both heterozygous 
and homozygous Hb9 nULacZ embryos (Fig. 23 c, d ) . In homozygous 
Hb9 nisiacz embryos , the evagination of the dorsal pancreatic 
bud failed to occur (Fig. 23 c, d ) . Analysis of E9 . 5 Hb9 nlslacZ 
heterozygous and homozygous embryos revealed a complete lack 
of Pdxl expression in the presumptive dorsal pancreatic 
epithelium of H b9 nlslacZ mutant embryos, whereas Pdxl 
expression in the ventral pancreatic epithelium appeared 
normal (Fig. 23 e, f ) . By E10.5, distinct dorsal and ventral 
pancreatic buds were visible in heterozygous embryos (Fig. 
23 q . h ) but no dorsal bud was discernible in homozygous 
Hb9 nlslacZ embryos (Fig. 23 g, h ) . Transverse sections of E10.5 
Hb9 nlslacZ mutant embryos suggest that the prospective dorsal 
bud instead remains a part of the developing duodenum (Fig. 
23 i, j ) . These results suggest that Hb9 is required for the 
evagination and subsequent development of the dorsal 
pancreatic bud . 

To analyze the state of differentiation of the presumptive 
dorsal bud. of Hb9 nlslacZ homozygous embryos, we examined the 
expression of early pancreatic markers in E9.5-10.5 mutant 
embryos. In E9.5 wild-type embryos, Isll (Fig 24a), Nkx2 . 2 
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(Fig. 24c) and glucagon (Fig. 24e) were expressed in the 
dorsal pancreatic epithelium. Mesenchymal expression of 
Isll in Hb9 nlslacZ mutant embryos was indistinguishable from 
that of wild-type littermates (Ahlgren et al . 1997) but we 
failed to detect Isl -exprssing epithelial cells in the 
dorasal primordium (Fig, 2,4 a ,b ) . Similarly, Nkx2.~2- and 
glucagon -positive cells were absent from the dorsal 
pancreatic anlage (Fig. 24 a-f ) . In contrast, the Hb9 
expression, as well as expression of early pancreatic 
markers, is detected in a normal temporal and spatial manner 
in the dorsal pancreatic bud of Pdxl* 7 " embryos (Ahlgren et 
al . 1996 and data not shown). These results provide 
evidence that loss of Hb9 function impairs the initial 
stages in the dorsal pancreatic program, blocking both 

epi thel ial e vagina t i on and - ^di f f e rent i a t ion of early— 

pancreatic cell types. They also show that the arrest in 
dorsal pancreatic bud development in the Hb9 nlsLac2 mutant mice 
is more severe than that observed in Pdxl* 7 " mice. 

The signaling molecule Sonic hedgehog (Shh) has been shown 
to exert an inhibitory action on pancreatic development 
(Apquelvist et al . 1997; Hebrok et al . 1998; Kim et al . 
1997) . We therefore investigated whether the impairment in 
initiation of dorsal pancreatic development might result 
from the ectopic expression of Shh or Indian hedgehog ( Ihh : 
Apquelvist et al . 1997; Bitgood et al . 1995) in the 
presumptive pancreatic epithelium- The expression of both 
Shh an Ihh was examined in E9 . 5 homozygous Hb9 nlslacZ embryos. 
Neither the level nor the. domain of expression of Shh or Ihh 
was changed in the pancreatic epithelium of mutant embryos 
(Fig. 24q-i ) . Thus, the block in the specification of the 
dorsal pancreatic differentiation program in Hb9 nlslacZ mutants 
appears not to be a result of altered Shh or Ihh 
expression. 

The presence of ventral pancreatic tissue as assessed in 
E17.5 Hb9 nlslacZ homozygous mutants indicates that the early 
development of the ventral pancreas is independent of Hb9 



function. To analyze whether there is a later defect in the 
development of ventral pancreatic tissue, we examined the 
expression of the endocrine hormones insulin (Ins; Fig. 25aji 
d.g.h ) , glucagon (Glu; Fig. 25 a, b ) , somatostatin (Som; Fig. 
25 c, d ) and the exocrine enzymes amylase (Fig. 25e , f ) and 
carboxypeptldase A "(data" not shown)- - Each of these .markers _ 
was expressed in the ventral pancreas of Hb9 nlslacZ homozygous 
neonates and the amount and general organization of 
endocrine cells into islet-like clusters and of exocrine 
cells into acinar-like structures appeared normal (Fig. 25a-_ 
f) . Double immunohistochemical analysis, however, revealed 
an approximately 2 0% decrease in the number of Ins -positive 
cells and an approximately 3 -fold increase in the number of 
Som + -cells (Fig.25c^#K InsVlsll + cells make up 

^approximat ely-6 8 ■%- i-n- -wi Id- type _and_53% _in_ Hb9_^ ls 1 acZ homozygous 
neonates; Som + /Isl + cells make up approximately 9% in wild- 
type an 25% in Hb9 nlslacZ homozygous neonates. The number of 
Glu-positive cells appeared unchanged in Hb9 mutant mice; 
GluVlsll* cells make up approximately 23% in both wild-type 
and Hb9 nlslacZ homozygous neonates (Fig. 25a^b) . 

We also noted a defect in the spatial organization of 
endocrine cells in individual islets. Thus, although islet 
cell clusters were present in the ventral pancreas of Hb9 
mutants, they failed to organize themselves into the typical 
structure of maturing islets in which a- eel Is are located at 
the periphery and surround a core of S- cells (Fig. 25a^d) . 
The Ins -positive cells present in the ventral pancreas of 
Hb9 mutants still expressed the transcription factors 

(Edlund et al . 1998) Pdxl (Fig. 25 a, h ) and Nkx6 . 1 (data not 
shown) as well as glucokinase (data not shown) . In 
contrast, the expression of glucose transporter type 2 

(Glut2) was virtually undetectable (Fig. 25i,j ) . These 
histological analyses indicate that the ventral pancreatic 
epithelium generates both exocrine and endocrine cells in 
the absence of Hb9 function. These results also provide 
evidence that although the genesis of pancreatic ventrally 
derived fi-cells is independent of Hb9 , the terminal 



differentiation and maturation of S-cells requires Hb9 
function. 

Our study provides further insight into the molecular events 
that control .the. specification of pancreatic cell fate. Our 
results show that Hb9 is required selectively for specifying 
the initial stages of dorsal pancreatic development. As .a 
consequence, the dorsal pancreatic bud does not develop in 
Hb9 mutant mice. In contrast, the ventral pancreatic 
epithelium develops and generates both exocrine and 
endocrine eel . types, thus revealing an early molecular 
distinctions between the programs for dorsal and ventral 
pancreatic development. Nevertheless, the ventral pancreas 
of Hb9 mutant embryos exhibits a more subtle perturbation in 
6-cell differentiation^ ~ahd islet """cell organization^- - 
indicating a later role for Hb9 in the development of 
pancreatic S-cells . 

The development of the pancreas begins with the dorsal and 
ventral protrusion of a region of the primitive gut 
epithelium (Wessells al . 1967; Pictet et al . 1972; Slack 
et al . 1995; Edlund et al . 1998. Several homeodomain and 
basic-helix- loop-helix class transcription factors, notably 
Isll, Nkx2.2, Pax4, Pax6 , and NeuroD/2, have been shown to 
exert important functions in the control of pancreatic 
endocrine cell differentiation (Ahlgren et al . 1997; Naya et 
al. 1997; Sander et al . 1997; Sosa-Pineda et al . 1997; St. 
Onge et al . 1997; Sussel et al . 1998). These factors are 
expressed at early stages of pancreas development but in 
their absence, the initial steps of pancreatic development 
proceed normally resulting only later in a perturbation of 
the differentiation of pancreatic endocrine cell types 
(Slack et al . 1995). The basic-helix-loop-helix class 
transcription factor p48, in contrast, is required for 
exocrine but not endocrine differentiation (Krapp et al . 
1998) . 
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The homeodomain protein IPF1/PDX1 is required at an earlier 
stage in pancreatic development. Mice and humans lacking 
Ipf 1 /Pdxl lack a pancreas (Ahlgren et al . 1996; Jonsson et 
al. 1994; Offield et al . 1996; Stoffers et al . 1997). 
I of 1 / Pdxl appears nevertheless to act at a step downstream 
of the initial specification of the gut endoderm to a 
pancreatic fate (Ahlgren et al . 1996; Offield et al . 1996) 
These findings imply the existence of additional genes 
involved in the regulation of earlier stages of pancreatic 
development. Thus, despite -increasing information on the 
identity and function of facte :s involved in pancreatic cell 
differentiation, the molecular steps that occur prior to the 
onset of Ipf 1 /Pdxl function to specify early stages in the 
program of pancreatic differentiation are poorly defined. It 
also remains unclear how the initially separate^ (Pictetet- 
al. 1972; Slack et al . 1995; Edlund et al . 1998) programs of 
dorsal and ventral pancreatic bud development are co- 
ordinated to produce a convergent developmental program. In 
this paper we report that in mouse embryos the homeobox gene 
Hb9 (Harrison et al . 1994) is expressed by cells in early 
developing dorsal and ventral pancreatic buds and later in 
insulin-producing -cells. Dorsal pancreatic development- is 
blocked in mice lacking Hb9 function, but the ventral 
pancreas does develop and contains both endocrine and 
exocrine cells. However, the relative proportions and 
spatial organisation of the various endocrine cells in the 
ventral pancreas are perturbed. Thus, the requirement for 
Hb9 in pancreatic development reveals .a molecular 
distinction in the dorsal and ventral differentiation 
programs and sequential actions at both early and late 
stages of pancreatic differentiation. 

Results . 

HB9 is expressed in two distinct phases of pancreatic 
development . 

The homeobox gene Hb9 was initially isolated from a human B 
cell library (Harrison et al . 1994) During mouse embryonic 
development, the expression of HB9 is first evident at the 



-8 somite stage (e8) in the notochord, in the entire dorsal 
gut endoderm and in the ventral endoderm at the prospective 
pancreatic level (Fig. 22a and data not shown) . In contrast, 
at this stage IPFl/PDXl is expressed only in the ventral 
pancreatic endoderm (Fig . 22b). Thus, in the early dorsal 
pancreatic anlage the initiation of HB9 expression appears 
to precede that of IPFl/PDXl expression, whereas in the 
ventral anlagen HB9 and IPFl/PDXl are expressed 
concurrently. By e9.5 the level of expression of HB9 is 
reduced in both the dorsal and ventral pancreatic buds, and 
also in the notochord (Fig. 22c and data no', shown). By 
elO.5, only a low level of HB9 expression remains in the 
dorsal pancreatic bud and virtually no HB9 expression is 
detected in the ventral bud or in the notochord (Fig. 22e 
and data not shown). In contrail 

is maintained in both pancreatic buds at these stages 
(Ohlsson et al . 1993; Ahlgren et al . 1996) (Fig. 22d,f). 
Thus, HB9 is expressed transiently at early stages by cells 
in both the dorsal and ventral buds, and endodermal 
expression of HB9 is down regulated prior to that of 
IPFl/PDXl. 

At late embryonic stages, however, HB9 expression reappears 
in the differentiating pancreas. At el7.5, HB9 expression 
was detected in the insulin producing -cells (Fig. 22g) but 
not in glucagon producing -cells (Fig 22h) or in 
somatostatin producing -cells (Fig. 22i) . No expression of 
HB9 was observed in non-endocrine pancreatic cells (Fig. 22 
and data not shown) . The -cell specific expression of HB9 
persisted in the adult pancreas (data not shown) . Together, 
these results show that HB9 is expressed in two distinct 
developmental phases, first during the evagination of the 
pancreatic buds and later in differentiating -cells. 

Hb9 -deficient mice lack a dorsal pancreas^. 

To determine the role of Hb9 in the development of the 
pancreas we analysed mice in which the Hb9 gene has been 
inactivated by homologous recombination in ES cells. The - 
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galactosidase gene, placed downstream of an internal 
ribosome entry site (IRES) , was inserted out -of -frame into 
the first coding exon of HB9 (Arber et al . submitted for 
publication) HB9nlslacZ heterozygous offspring survived to 
adulthood, were fertile, and did not exhibit any overt 
abnormalities. Hb9nlslac2 ."homozygous mice survived fetal 
development but died soon after birth, possibly from 
respiratory failure (Arber et al . submitted for 
publication) . To investigate the state of pancreatic 
differentiation in mice lacking Hb9 function we initially 
examined el7.5 Hb9nlslacZ mutant embryos. These embryos 
exhibited an overtly normal gastrointestinal tract although 
the duodenum appeared expanded (Fig. 23a) . Analysis of the 
pancreas, however, revealed that the dorsal pancreatic 
epithelxal - Bud" was" completely -absent -whereas -the_ ventral_bud 
was present (Fig. 23a)- The spleen, an organ that develops 
from the dorsal mesenchyme was present in Hb9 mutants (Fig. 
23a) and analysis of younger, el3.5 embryos, showed that the 
mesenchyme that normally surrounds the dorsal pancreas was 
present and appeared to have developed normally (Fig. 23b) . 
Thus, the lack of trhe dorsal pancreatic bud appears to 
reflect a selective defect in the specification and 
development of the presumptive dorsal pancreatic epithelium. 

To begin to determine the stage at which the development of 
the dorsal pancreas is perturbed, we analysed e9.5-10.5 
Hb9nlslacZ homozygous embryos by whole-mount detection of 
lacZ activity. At e9.5, lacZ activity was observed 
throughout the dorsal endoderm of both heterozygous and 
homozygous Hb9nlslacZ embryos (Fig. 2 3c, d). The lacZ- 
activity observed in the Hb9nlslacZ homozygous embryos 
provides evidence that the expression of Hb9 is not 
positively auto-regulated. One potential explanation for 
the increase in lacZ expression in homozygous mutants "is 
that HB9 negatively controls its own gene expression. 
Alternatively, the increased lacZ-expression in the 
homozygous embryos may be due to expression from the 
additional copy of the lacZ allele. In favour of the former 



possibility, analysis of Hb9 expression in the spinal cord 
has revealed that Hb9 gene expression in motor neurons is 
negatively auto- regulated (Arber et al . submitted for 
publication) . 

In homozygous Hb9nlslacZ embryos the evagination of the 
dorsal pancreatic bud failed to occur (Fig. 23c, d) . 
Analysis of e9 . 5 Hb9nlslacZ heterozygous and homozygous 
embryos revealed a complete lack of IPF1/PDX1 expression in 
the presumptive dorsal pancreatic epithelium of Hb9nlslacZ 
mutant embryos, whereas IPF1/PDX1 expression in the ventral 
pancreatic epithelium appeared normal (Fig. 23e,f). By 
elO-5, distinct dorsal and ventral pancreatic buds were 
Q l early visible in heterozygous embryos (Fig. 23g,h) but no 
evidence of a dorsal bud was discernible ~Th~ the~homozygous- 
Kh9nlslacZ embryos (Fig. 23g,h). Transverse sections of 
elO-5 Hb9nlslacZ mutant embryos suggest that the prospective 
dorsal bud instead remains a part of the developing duodenum 
(Fig. 23i,j). These results suggest that Hb9 is required 
for the evagination and subsequent development of the dorsal 
pancreatic bud. 

Hbg i s required for initiation of dorsal pancreatic 
differentiation. 

To analyse the state of differentiation of the presumptive 
dorsal bud of Hb9nlslacZ homozygous embryos we examined the 
expression of early pancreatic markers in e9.5-10.5 mutant 
embryos. In e9.5 wild-type embryos, Isll (Fig. 24a), Nkx2 .2 
(Fig. 24c), and glucagon (Fig. 24e) were expressed in the 
dorsal pancreatic epithelium. Mesenchymal expression of 
Isll in Hb9nlslacZ mutant embryos was indistinguishable from 
that of wild type littermates (Ahlgren et al . 1997) but no 
Isl+ epithelial cells were detected in the dorsal primordium 
(Fig. 24a, b). Similarly, Nkx2.2+ and glucagon*~cells were 
absent from the dorsal pancreatic anlage (Fig. 24c-f ) • In 
contrast, the expression of HB9 as well as that of early 
pancreatic markers was detected* in a normal temporal and 
spatial manner in the dorsal pancreatic bud of Ipf 1/Pdxl -/- 
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embryos (Spooner et al . 1970 and data not shown) . Together, 
these results provide evidence that loss of Hb9 function 
impairs the initial stages in the dorsal pancreatic program, 
thus obstructing both epithelial evagination and 
differentiation of early pancreatic cell types. They also 
show that the arrest in dorsal pancreatic bud development in 
the Hb9nlslacZ deficient mice is more severe than that 
observed in Ipf 1/Pdxl -/- mice.. 



The signallirg molecule, Sonic hedgehog (Shh) , has been 
shown to e: 2rt .'an inhibitory action on pancreatic 
development20-22 (Apelqvist et al . 1997; Hebrok et al . 
1998; Kim et al . 1997). We therefore investigated whether 
the impairment in initiation of dorsal pancreatic 
15 development might "result" f ronr the- ectopic- express ion-of -Shh_ 
or Indian Hedgehog ( Ihh) (Apelqvist et al. 1997; Bitgood et 
al . 1995) in the presumptive pancreatic epithelium. The 
expression of both Shh and Ihh was examined in e9.5 
homozygous Hb9nlslacZ embryos. However, the domain of 
expression of both Shh and Ihh was not expanded into the 
pancreatic epithelium of Hb9nlslacZ mutant embryos (Fig. 
24g-j). Thus, the block in the specification of the dorsal 
pancreatic differentiation program in Hb9nlslacZ mutants is 
not due to the de- restriction of Shh or Ihh expression. 



The ventral pancreas of Hb9 -deficient mice exhibits abnormal 
islets that contain immature -cells. 

The presence of ventral pancreatic tissue as assessed in 
el7.5 Hb9nlslacZ homozygous mutant s_indi cat es that the early 
development of the ventral pancreas is independent of Hb9 
function. To analyse whether there is a late defect in the 
development of ventral pancreatic tissue we examined the 
expression of the endocrine hormones insulin (Ins) (Fig. 
25a-d,g,h), glucagon— (Glu) (Fig. 25a, b), somatostatin (Som) 
35 (Fig. 25c, d), and the exocrine enzymes amylase (Fig. 25e,f) 

and carboxypeptidase A (data not shown) . Each of these 
markers was expressed in the ventral pancreas of Hb9nlslacZ 
homozygous neonates and the amount and general organisation 



of endocrine cells into islet -like clusters and of exocrine 
cells into acinar-like structures appeared normal (Fig. 25a- 
f ) . However, double immunohistochemical analysis revealed 
a -20% decrease in the number of Ins+-cells ( Ins+/ Isll+ 
cells= -68% in wild-types and -53% in Hb9nlslacZ homozygous 
neonates) , and a -3-fold increase in the "number of - Som+- 
cells (Som+/Isl+ cells= -9% in wild-types and -25% in 
Hh9nlslacZ homozygous neonates) (Fig. 25 c,d) . The number 
of Glu+- cells appeared unchanged in the Hb9 mutant mice 
(Glu+/Isll+ cells -23% in both wild- types and Hb9nlslacZ 
homozygous neonates) (Fig. 25 a,b) . 

We also noted a defect in the spatial organisation of 
endocrine cells within individual islets. Thus, although 
"islet "cell ~ cluster s~ were" present -in- the- -vent .ral-pancre.as_o.f_ 
Hb9 mutants they failed to organise themselves into the 
typical structure of maturing islets in which -cells are 
located at the periphery and surrounds a core of -cells 
(Fig. 25a-d) . The Ins + -cells present in the ventral 
pancreas of Hb9 mutant mice still expressed the 
transcription factors- (Edlund et al . 1998) IPF1/PDX1 (Fig. 
25 g,h) and Nkx6 . 1 (data not shown), as well as glucokinase 
(data not shown) . In contrast the expression of glucose 
transporter type 2 (Glut2) was virtually undetectable (Fig. 
25 i,j). Together, these histological analyses indicate that 
the ventral pancreatic epithelium generates both exocrine 
and endocrine cells in the absence of Hb9 function. These 
results also provide evidence that although genesis of 
pancreatic ventrally derived -cells is independent of _______ , 

the terminal differentiation and maturation of -cells 
requires Hb9 function. 

Discussion. 

The present study provides ~ further insight into the 
molecular events that control the specification of 
pancreatic cell fate. Our results show that Hb9 is required 
selectively for specifying the initial stages of dorsal 
pancreatic development and as a consequence the dorsal 



pancreatic bud does not develop in Hb9 mutant mice. In 
contrast, the ventral pancreatic epithelium develops and 
generates both exocrine and endocrine cell -types, thus 
revealing an early molecular distinction between the 
programs of dorsal and ventral pancreatic development. 
Nevertheless, the ventral pancreas of Hb~9 mutant embryos 
exhibits a subtle perturbation in -cell differentiation and 
islet cell organisation, thus suggesting a later role for 
Hb9- in the development of pancreatic -cells. 

The early stages of dorsal and ventr- .1 pancreatic 
development display several other distinguishing 
characteristics other than the dorsal dependence on Hb9 . 
First, the organisation and identity of surrounding 
mesenchyme "and "other" mesodermal -tissues -dd-f-f-e-r— at-' dorsal— and 
ventral pancreatic buds (Wessells et al . 1967; Pictet et al . 
1972; Ahlgren et al . 1997; Spooner et al . 1970). Second, 
pancreatic endocrine cells appear earlier in the dorsal than 
in the ventral bud and third, the generation of dorsal, but 
not ventral, pancreatic mesenchyme is dependent on Isll 
(Ahlgren et al . 199T) . The demonstration of a selective 
dorsoventral difference in the dependence on HB9 activity 
thus adds to the evidence that the programs of pancreatic 
differentiation dorsally and ventrally are initially 
distinct. How does HB9 control the initial specification of 
the dorsal pancreatic program? Our results are suggestive 
of three general possibilities that relate to differences in 
the timing of HB9 and . IPF1/PDX1 expression . dorsally and 
ventrally, to the expression of a redundant activity 
ventrally, and to a function of Hb9 independent of its 
expression in the gut endoderm. 

The first possibility that is consistent with our data 
invokes a function for Hb9 in providing the dorsal gut 
epithelium with the competence to respond to signals that 
initiate the pancreatic differentiation program, most 
critically the expression of IPF1/PDX1. In this view 
Ipf l /Pdxl , once expressed, may be sufficient for the later 
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progression of pancreatic development, obviating the 
requirement for Hb9 function. The relative timing of onset 
of Hb9 and Ipf 1/Pdxl expression in the dorsal and ventral 
pancreatic buds may therefore be a critical factor in the 
5 selectivity of. the mutant phenotype . Consistent with this 
model, our results show that IPFl/PDXl is expressed at an 
earlier stage vent rally than dor-sally- A second possibility 
is that the function of Hb9 ventrally is compensated for by 
a factor with a similar activity. The chick MNR2 homeobox 

10 gene is closely related to Hb9 and has been shown to have an 
overlapping function with the Hb9 gene in' spinal cord 
development (Tanabe et al . 1998). Although, a mouse 
gene has not yet been identified, the existence of such an 
activity could compensate ventrally for the loss of Hb9 

15 function. . 

A third possibility is that dependence of dorsal pancreatic 
differentiation on Hb9 does not in fact reflect a function 
intrinsic to the gut epithelium. Hb9 is transiently 

20 expressed by notochord cells from ~e8 to elO. It is 
therefore possible -that Hb9 acts to control dorsal 
pancreatic specification by regulating the expression of 
inductive or repressive factors secreted from the notochord. 
. The analysis of Shh and Ihh expression in Hb9nlslacZ 

25 homozygous embryos suggests, however, that Hb9 is not 
involved in establishing the zone of exclusion of Shh or Ihh 
expression in the presumptive dorsal pancreatic region since 
the expression of both these genes is restricted normally in 
Hb9 mutant embryos. Nevertheless, the activation or 

3 0 repression of other genes required for pancreatic 
development could normally be controlled by signals from the 
notochord that are missing in Hb9 deficient mice. The 
notochord appears, however, structurally normal in the Hb9 
mutant mice, the floorplate and motorneurons are generated, 

35 and both the notochord and floorplate display normal Shh 
expression (Arber et al . submitted for publication and data 
not shown) . These observations suggest that many of the 
inducing properties of the notochord are intact in the 



Hb9nlslac2 homozygous mice. Thus, dorsal pancreatic 

development seems to be dependent both on the expression of 
Hb9 and on the exclusion of hh gene expression. 

- The -specification of the ventral pancreatic differentiation 
program is independent of Hb9 function and hence a ventral 
pancreas develops with both exocrine and endocrine cell 
types. Nevertheless, as judged from the lack of Glut2 
expression in Ins+ -cells present in the ventral pancreas of 
Hb9 mutant mice, Hb9 seem to be required for terminal 
differentiation and/or maturation of -cells. The decreased 
number of Ins+-cells together, with the increase in the 
number of Som+ - cell s provides evidence that the 
establishment _of _th^se two cell -types may be coupled and 
that Hb9 promotes the -cell fate on expense of Som+ -cells. 
Interestingly, the development of both - and -cells 
requires Pax4 (Sosa- Pineda et al . 1997) . Thus, in the 
pancreas of Pax4 mutant mice there is a loss of both Ins+- 
and Som+-cells whereas the number of Glu+-cells increasesl4 
(Sosa-Pineda et al . 1997). This suggests that the - and - 
cells originate from a common, Pax4 -dependent progenitor 
cell and that Hb9 might function at a later stage to promote 
the -cell fate and characteristics. The late,, ventral 
phenotype therefore suggests a role for Hb9 in ensuring 
proper terminal differentiation of pancreatic -cells in a 
manner reminiscent of the role proposed for Hb9 in motor 
neuron differentiation (Arber et al . submitted for 
publication) . 

Genetic studies in mice have shown that several 
transcription factors have important roles for pancreatic 
development and/or glucose homeostasis (Slack et al . 1995). 
Many of these genes have been linked to human diabetic or 
pancreatic syndromes, thus demonstrating a—conservation in 
the function of genes that control pancreatic development in 
mice and humans (Edlund et al . 1998) In humans as in mice, 
homozygosity for mutations in the human Ipf lg ene results in 
complete pancreas agenesis (Ahlgren et al . 1996; Jonsson et 
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al. 1994; Of field et al . 1996; Stoffers et al . 1997). 
Maturity Onset Diabetes of the Young (MODY) 4 has been 
linked to heterozygosity for mutations in the human Ipf 1 
gene (Stoffers et al . 1997) and similarly, mice 

S - heterozygous for deletions in the Ipf 1/Pdxl gene have 
impaired glucose tolerance (Ahlgren et al . 1998; Dutta et 
al . 1998). The human Hb9 gene, HLXB9 , has been linked to 
dominant inherited forms of sacral agenesis. (Ross et al . 
1998) . No pancreatic or diabetic complications have yet 

10 been reported in these patients but spontaneous forms of 
this syndrom j are known to occur in infants of typel 
diabetic mothers (Ross et al . 1998; Kalter et al . 1993). 
These observations raise the possibility that expression or 
function of Hb9 might be sensitive to elevated glucose 

15 levels in a manner similar" to ~tlxatr"report"ed~f or 'Ipf ly-Pdxl-- 
(Sharma et al . 1995; Matsuoka et al . 1997; Olson et al - 
1998) . The apparent immature status of the -cells in the 
ventral pancreas of Hb9 mutant mice also suggests that 
impaired Hb9 function, or expression, may turn out to be 

2 0 associated with development of diabetes. Whether mutations 
in HLXB9 are also associated with human dorsal pancreatic 
agenesis syndromes (Wildling et al . 1993) remains to be 
determined. 

2 5 METHODS : 

Animals: The generation of Hb9nlslac2 mice has been 
described elsewhere (Arber et al . submitted for publication) 
and mutant mice were obtained from our local breeding 
colony. Mice and embryos were genotyped as described 
30 elsewhere (Arber et al . submitted for publication). 

In situ hybridization and immunohistochemistry . 

In situ hybridization using a rat Shh (Arber et al . 
submitted for publication) and a mouse Ihh probe, — (4£im et 
35 al. 1997) kindly provided by A. P. McMahon, was carried out 
as described (Ahlgren et al . 1996). Immunohistochemistry 
was performed as previously described (Ahlgren et al . 1996) . 
The following primary antibodies were used and diluted as 
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indicated: guinea pig ant i -glucagon (Linco) 1:1000, guinea 
pig anti-insulin (DAKO) 1:10000, mouse anti-HB9, (Tanabe et 
al . 1998) rabbit anti-HB9 (Arber et al . submitted for 
publication) , 1:10 and 1:200 respectively, rabbit anti- 
human -amylase (Sigma) 1:4000, rabbit anti-Nkx2.2 (Briscoe 
et al . manuscript in preparation) , 1:2000, rabbit anti-Isll 

(Ahlgren et al . 1937) , 1:250, rabbit anti - IPF1/PDX- 1 

(Ohlsson et al . 1993) , 1:400, rat anti -somatostatin 
antibodies (Bender MedSystems) 1:1000, rabbit anti Glut2 

(Ahlgren et al . 1998) (Inst, of Pharm. & Tox. , Lausanne, 
Switzerland), 1:200. When mou e anti-HB9 antibody was used, 
the blocking step was performed using a Mouse to Mouse kit 

(ScyTek) - When double staining was carried out, a second 
blocking step using swine anti -rabbit IgG (DAKO) diluted 
1:20 was included . The secorTdary~ "antibodies - used - were - 
diluted as follows: biotinylated anti -mouse (Jackson) 
1:200, biotinylated anti-rat (Vector) 1:200, fluorescein 
anti -guinea pig (Jackson) 1:200, and Cy3 anti -rabbit 

(Jackson) 1:200. Streptavidin-FITC (Jackson) 1:2-00 was 
applied to detect biotinylated secondary antibodies. The 
numbers of Ins-, Glu- and Som-positive cells (n=800-1500 
cells f rora 3 di f f er ent wild- type and mu t ant mi c e 
respectively) were counted using anti Isl-1 antibodies 

(Ahlgren et al . 1997) as a marker for endocrine cells. 

Whole -mount X-gal staining. 

Fixed Hb9nlslacZ heterozygous and homozygous embryos were 
washed in 0 . 1M PB (pH7.4), 2mM MgC12, 5mM EGTA, 
permeabilized in 0 . 1M PB (pH7.4), 2mM MgC12, 0.01% sodium 
desoxycholate, 0.02% NP40 and X-gal (Saveen) stained for 3 
hours or overnight at 3 7C . Embryos were post - fixed in 4 % 
paraformaldehyde in PBS (pH7.4) at 4C for 30 minutes before 
being dehydrated successively from PBS (pH7.4) to 100% 
methanol and cleared in~l r2 benzyl alcohol : benzyl benzoate 
for photography. Later they were rehydrated and incubated 
overnight at 4C in 3 0% sucrose in PBS (pH7.4) before being 
embedded in Tissue-Tek (Sakura) for cryostat sectioning. 



References . 

Wessells, N.K. &. Cohen, J.H. Early pancreas 

organogenesis: morphogenesis, tissue interactions and mass 
effects. Dev. Biology. 15, 237-270 (1967). 

Ohlsson, H., Karlsson, K. & Edlund, T. IPF1, a "homeodomain- 

containing transactivator of the insulin gene. EMBO J . 12, 

4251-4259 (1993) . 

Ahlgren, U., Jonsson, J. & Edlund, H. The morphogenesis of 
the pancreatic mesenchyme is uncoupled fron that of the 
pancreatic epithelium in PDXl/IPFl-def icient mice. 
Development 122, 1409-1416 (1996) . 

Jonsson, J.~ ~Carlsson7 "LT-T^EdTundT - Tr"&- Edlund-,- -H t— I-nsul in-- - 
promoter- factor 1 is required for pancreas development in 
mice. Nature 371, 606-609 (1994) . 

Offield, M . F . et al . PDX-1 is required for pancreatic 
outgrowth and differentiation of the rostral duodenum. 
Development 122, 983^995 (1996) . 

Harrison, K.A.,.Druey, K.M., Deguchi , Y., Tuscano, J.M. & 
Kerhl, J.H. A novel human homeobox gene distantly related 
to proboscipedia is expressed in lymphoid and pancreatic 
tissues. J. Biol. Chem. 269, 19968-19975 (1994). 

Ross, A.J. et al. A homeobox gene, HLXB9, is the major locus 
for dominantly inherited sacral agenesis. Nature Genet . 20, 
358-361 (1998) . 

Pictet, R., & Rutter, W.J. Development of the embryonic 
endocrine pancreas. In Handbook of Ph ysiology, (ed. D.F. 
Steiner, and N. Frenkel) , pp. 25-66. Williams- and Wilkins, 
Washinton DC (1972) . 

Slack, J.M.W. Developmental biology of the pancreas. 
Development 121, 1569-1580 (1995) . 



-150- 



Edlund, H. Transcribing pancreas. Diabetes 47, 1817-1823 
(1998) - 

5 Ahlgren,- U. , Pfaf f , _S. ,_ Jessel , T .M . , Edlund, T. & Edlund, 

H. Independent requirement for ISL1 in the formation of the 
pancreatic mesenchyme and islet cells. Nature 3 85 257-260 
(1997) . 

10 Naya, F.J. et al . Diabetes, defective pancreatic 
morphogenesis, and abnormal enteroendocrine differentiation 
in BETA2/neuroD-def icient mice. Genes & Dev. 11 , 2323-2334 
(1997) . 

15 Sander M. et al . Genetic analysis reveals ~~ that: ~ ~PAX6~ is~ 
reguired for normal transcription of pancreatic hormone 
genes and islet development. Genes Dev. 11, 1662-1673 
(1997) . 

20 Sosa-Pineda, B . , Chowdhury, K. , Torres, M. , Oliver, G., & 
Gruss, P. The Pax4 gene is essential for differentiation of 
insulin-producing beta cells in the mammalian pancreas. 
Nature 386, 399-402 (1997) . 

25 St-Onge, L., Sosa-Pineda, B., Chowdhury, K. , Mansouri , A. & 
Gruss, P. Pax6 is required for differentiation of glucagon- 
producing alpha -eel Is in mouse pancreas. Nature 3 87, 406-409 
(1997) . 

30 Sussel, L . et al . Mice lacking the homeodomain transcription 
factor Nkx2.2 have diabetes due to arrested differentiation 
of pancreatic beta cells. Development 19, 2213-2221 (1998). 

Krappy A . et al . . The bHLH protein PTFl-p48 is essential for 
35 the formation of the exocrine and the correct spatial 
organization of the endocrine pancreas. Genes & Dev. 12, 
3752-3763 (1998) . 



-151- 

Stoffers, D.A., Zinkin, N.T., Stanojevic, V., Clarke, W.L. 
& Habener, J.F. Pancreatic agenesis attributable to a single 
nucleotide deletion in the human IPF1 gene coding sequence. 
M^t-nre Genet. 15, 106-110 (1997) . 

"5 - - - . .. . 

Arber, S. et al . Requirement for "the homeobox -gene- Hb9 -in 

the establishment of motor neuron subtype identity. 
Submitted for p ublication. 

10 Apelqvist, A. , Ahlgren, U. & Edlund, H. Sonic hedgehog 
directs specialised mesoderm differentiation in the 
intestine and pancreas, mrrent Biology 7, 801-804 (1997). 

Hebrok, M. , Kim, S.K. & Melton, D.A. Notochord repression of 
~15 endodermal"^sbni"c- -hedgehog -permits- pancreas, development 
r.Pnf»s & Dev. 12, 1705-1713 (1998) . 

Kim, S.K., Hebrok, M. & Melton, D.A. Notochord to endoderm 
signalling is required for pancreas development. Development 
20 124, 4243-4252 (1997) . 

Bitgood, M.J. & McMahon, A. P. Hedgehog and Bmp genes are 
coexpressed at many diverse sites of cell -cell interaction 
. in the mouse embryo. Dev. Biol. 172,126-138 (1995). 

25 

Spooner, B.S., Walther, B.T. & Rutter, W.J. The development 
of the dorsal and ventral mammalian pancreas in vivo and in 
vitro. .T- Cell Biol. 47, 235-246 (1970). 

Tanabe, Y. , William, C. & Jessell, T.M. Specification of 
motor neuron identity by the MNR2 homeodomain protein. Cell 
95, 67-80 (1998) . 

Stoffers, D.A., Ferrer, J. , Clarke, W.L. & Habener, J.F. 
35 Early-onset type-II diabetes mellitus (MODY4) linked to 
IPF1. Mature Genet. 17, 138-139 (1997). 



30 



-152- 



10 



5JS 

y 2 0 



25 



Ahlgren, U. , Jonsson, J. , Jonsson, L. , Simu, K. & Edlund, 
H. -cell specific inactivation of the mouse Ipf l/Pdxl gene 
results in impaired glucose transporter expression and late 
onset diabetes. Genes & Dev . 12, 1763 -1768 (1998) . 



Dutta, S., Bonner-Weir, S., Montminy, M. , & Wright, C. 
Regulatory factor linked to late-onset diabetes? Nature 392, 
560 (1998) . 

Kalter, H. C=\se reports of malformations associated with 
maternal dial etes : history and critique. Clin. Genet. 43, 
174-179 (1993) . 



Sharma . A., Olson, L.K., Robertson, RT P~. & St e l h~,~ R"^ The 

reduction of insulin gene transcription in HIT-T15 beta 
cells chronically exposed to high glucose concentration is 
associated with the loss of RIPE3bl and STF-1 transcription 
factor expression. Mol . Endocrinol 9 . 1127-1134 (1995). 

Matsuoka, T. et_al^- Glycat ion- dependent , reactive oxygen 
species-mediated suppression of the insulin gene promoter 
activity in HIT cells. J. Clin. Invest. 99, 144-150 (1997) . 

Olson, L.K., Qian, J. & Poitout, V. Glucose rapidly and 
reversibly decreases INS-1 cell insulin gene transcription 
via decrements in STF-1 and CI activator transcription 
factor activity. Mol . Endocrinol 12, 207-219 (1998) . 

Wildling, R. et al . Agenesis of the dorsal pancreas in a 
woman with diabetes mellitus and in both her sons. 
Gastroenterology 104, 1182-1186 (1993) . 



35 



